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n this work, a series of cofacial bisporphyrin boxes (1·(PO2F2)8, 1·(OTf)8, 
2·(OTf)8, 5·(OTf)10, 6·(OTf)8, 9·(OTf)8, 10·(OTf)10, 11·(OTf)8 and 12·(OTf)8) were 
synthesized by the self-assembly between the di-gold(I) clip Au2(μ-PAnP)(OTf)2 and 
meso- tetrapyridylporphyrin (H2TPyP) and its derivatives (ZnTPyP, 
(FeTPyP)(H2O)2(HOTf), (FeTPyP)2O, MgTPyP, (MnTPyP)(H2O)2(HOTf), NiTPyP 
and CuTPyP). 
1·(PO2F2)8 and 2·(OTf)8 with empty cavities can react with aromatic quinones 
and hence form novel sandwich donor-acceptor-donor (D-A-D) charge transfer 
complexes. The binding properties in the solid and solution state have been studied in 
detail respectively. The crystal structures of the empty box and inclusion complexes 
showed that the binding of the aromatic quinones led to the conformational changes 
of the box’s structures. NMR spectra, UV-VIS absorption and fluorescence titrations 
showed that the cofacial porphyrin boxes were receptors for aromatic quinones of 
different sizes and electronic properties. For all the p-benzoquinone (MCBQ, DCBQ, 
TFBQ, TCBQ and DDBQ) guests, the free energy of the binding –ΔGUV displayed 
well correlations with p-benzoquinones’ reduction potentials and indicated that the CT 
interaction plays an important role in the p-benzoquinones’ complexation process. In 
addition to binding with aromatic quinones, 2·(OTf)8 had unique binding properties 
with DABCO. The ESI-Ms and NMR spectra showed that DABCO was captured 
inside 2·(OTf)8 through Zn – N coordination in 1:1 ratio.  
 VII
On the other hand, the cavities of 5·(OTf)10 and 10·(OTf)10 were occupied by 
two H2O molecules and two OTf anions, which cannot bind with aromatic quinones 
as detected for 1·(OTf)8, 2·(OTf)8. However, after adding DABCO, the two iron from 
the porphyrin rings of 5·(OTf)10 were connected with O atom and 5·(OTf)10 is twisted 
into a new box 6·(OTf)8. This conversion is reversible and controlled by adding 
DABCO and HOTf.   
When homoporphyrin boxes mixed together, new heteroporphyrin boxes are 
generated through the exchanging of porphyrin ligands. At the same time, a dynamic 
receptor library (DRL) is built up and consists of homo-and hetero- bisporphyrin 
boxes. The size of a DRL increases with the number of different homoporphyrin 
boxes added. As discussed above, some homoporphyrin boxes can bind or react with 
certain substrates and become more stable structures. Therefore, certain 
homoporphyrin boxes can be amplified out from the DRL by the corresponding 
templates.   
 
 VIII
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1.1 Supramolecular Chemistry 
 
1.1.1 Molecular “Clip” Assisted Self-Assembly of Supramolecules 
Artificial supramolecules are widely applied in advanced technologies such as 
catalysis1-6, chemical sensing7-10, molecular machinery11-14 and electronics15,16. 
Supramolecules are referred as the discrete molecules or molecular assemblies that 
have the structural features of nanometer size (1 nm to 1 μm).17 Since supramolecules 
may contain hundreds or even thousands of subunits, the traditional preparation via 
stepwise formation of covalent bonds cannot satisfy the fast growing demand of the 
supramolecules with well designed and complicated structures. The self-assembly 
synthetic method provides a new methodology for the design of metal-based 
supramolecules. Through this synthetic method, the supramolecules with high 
structural integrity are self-assembled from predetermined building blocks through 
kinetically labile coordinative bonds.  
In the literature, different and complimentary strategies for the self-assembly 
of supramolecules have been developed. One of the sophisticated strategies is the 
unrestricted metal-linker approach which mixes a transition metal salt with a linker 
ligand. This method has been used by Saalfrank18,19, Lehn20,21, and Raymond22,23 to 
assemble a broad range of macrocyclic supramolecules. The second rational strategy 
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is the partially coordinated metal-linker approach, which relies on constraining the 
number and geometry of the metal coordination sites combined with a particular 
ligand of specific size and topology. This method has been employed by Fujita24,25 
and Stang17,26,27 to assemble a variety of highly symmetrical structures in essentially 
quantitative yield.28-30  
However, the supramolecules with lower symmetry structures are expected to 
show more special properties, especially on the selectivity of binding planar aromatic 
guests. In 2001, Stang designed and self-assembled a series of molecular rectangles 
via a new type of modular subunit termed as molecular “clip”31. As shown in Scheme 
1.1, two parallel coordination sites are facing in the same direction, which allows for 
the assembly of molecular rectangles31 and trigonal prisms32-36 with lower symmetry. 
Rheingold and Bosnich also reported a molecular cleft comprised of cofacial 
terpyridyl Pd(II) complexes which could assemble with 4,4’-bipyridine to form 
molecular rectangle and trigonal prism.37-40 These lower symmetry supramolecules 
show very interesting properties especially on the molecular recognition and catalysis 











































1.1.2 Porphyrin – Containing Supramolecules 
One of the applications of supramolecular chemistry is to mimic the natural 
systems such as the photosynthetic reaction center and the light-harvesting complex 
of bacteria41. Porphyrin – containing supramolecules are remarkable aggregates for 
the study of biochemical and photochemical functions. In the last decades, different 
types of supramolecules containing porphyrins or metalloporphyrins have been 
synthesized. These include linear chains42-44, cyclic oligomers45,46, squares47,48, 
dendrimers49, sheets and tapes50, stars51, and rosettes52. The application fields of the 
porphyrin – containing supramolecules involve the photoinduced pisosecond 
molecular switches53, optoelectronic gates54, artificial photosynthetic systems55,56, 
fluorescence quenching sensors57, photonic wires58, and anticancer drugs42,59.  
Historically, the porphyrin – containing supramolecules were approached by 
multistep syntheses through covalent bonds. Recently, self-assembly through 
noncovalent interactions has been widely used due to its easier synthetic process and 
high yields.60,61 Porphyrins substituted by pyridyl groups are extensively used as 
peripheral donor ligands in the self-assembly of supramolecules. Representative 
examples are the self-assemblies of pyridyl substituted porphyrins with platinum and 
palladium cations.47,50,62 The flat square coordination geometry of Pt(II) and Pd(II) 
ions allows construction of two-dimensional squares with right-angled frames. The 
molecular squares can be formed by the coordination of cis-bipyridyl porphyrins and 
trans Pd(II) and Pt(II) ions (Figure 1.2a,d)47,63, or by the coordination of 
trans-bipyridyl porphyrins and cis Pt(II) ions (Figure 1.2b,c)47,64. The small molecular 
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squares can be formed by cis-bipyridyl and cis Pt(II) ions (Scheme 1.2e)47. The Pt(II) 
and Pd(II) ions include unrestricted metal slats (Figure 1.2a,b,e) and partially 
coordinated complexes (Figure 1.2c,d). These molecular squares have been applied as 
sensors, catalysts, photoelectronic devices and materials.25,26,65 The pyridyl substituted 
porphyrins have been reacted with other metal ions as Re(I)48,66, Ru(II)67,68, Ag(I)69, 











































































(c) R = n-C6H13
     M = 2H, Zn























































































1.1.3 Host – Guest Chemistry of Supramolecular Receptors 
The host – guest chemistry of artificial supramolecular receptors provides 
better understanding of the molecular recognition and a multitude of biological 
phenomena, which has drawn a lot of attentions. Initially, this field was dominated by 
organic molecules such as crown ether75, cryptand76, and cyclophanes77. Recently, 
there are expanding interests in the metal-based supramolecules known as 
metallacyclophanes. The metallacyclophanes are generally self-assembled by 
transition metal and multitopic ligands. Assisted with the self-assembly strategy, a 
versatile and far-reaching synthetic methodology, a series of molecular receptors have 
been created.78-85 The metallacyclophanes have more advantages than the organic 




The first self-assembled supramolecular receptor containing two Cu(II) ions 
was reported by Maverick and Klavetter.95 This inorganic macrocycle can bind with 
pyrazine, pyridine, quinuclidine and 1,4-diazabicyclo[2,2,2]octane (Scheme 1.3a). 
Fujita et al. employed self-assembly methodology to synthesize molecular squares, 
which bind to neutral and anionic aromatic molecules (Scheme 1.3b).28,96,97 Hupp and 
co-workers had also designed strategy to facilitate the self-assembly to a molecular 
rectangle.98 The supramolecular receptors containing Zn(II)99, Ru(II)100, Pd(II)25,28, 
Pt(II)25,28,29 Rh(I)101, Re(I)102, and Os(VI)103,104 were studied. The guests binding with 
the supramolecular receptors includes substituted benzenes96,99,105, anthracenes37,99, 
square planar Pd(II) and Pt(II), and metalloporphyrin complexes48,106. The host-guest 
binding invokes π–π interactions37,99,107, hydrogen bonds103,104,108, metal–ligand 









































1.1.3.1 Supramolecular Receptors Containing Bisporphyrin 
Porphyrin and its derivatives have been widely incorporated into molecular 
receptors as a binding unit because the axial coordination site of the 
metalloporphyrins and the van der Waals interactions from the large π-surface of the 
tetrapyrrolic macrocycle. Cofacial bisporphyrins (CB) are a common motif for 
porphyrin-based receptors. Depending on the separation between the porphyrin rings, 
CB can bind to guest molecules of different sizes and electronic properties. A series of 
diamines are captured between the cofacial bisporphyrins linked by one flexible 
bridge.111-114 Bisporphyrins linked by two bridges forms a cyclic porphyrin dimer, 
which generates more stable complexes with the ligands that fit the size of their 
cavities.46,111,115,116 With long and flexible chains, the cyclic porphyrin dimers can bind 
guests with very big sizes as bis(4-pyridyl)porphyrin117,118 and fullerene119,120 















































(b) R = hexyl;





Recently, our group synthesized a digold molecular clip [Au2(PAnP)]2+ which 
has a syn-oriented and widely separated U-shape geometry. 121 Lin et al. synthesized a 
luminescent rectangle via the self-assembly of this clip with 4,4’-bipyridine.122 This 
low symmetry rectangle showed a special property of the molecular recognition of 
various aromatic molecules. In order to develop the three dimensional supramolecules 
and introduce more functions into the supramolecules’ structure, this molecular clip 
[Au2(PAnP)]2+ is allowed to self-assemble with pyridyl-substituted porphyrins. A 
series of three dimensional molecular boxes containing cofacial oriented 
bis(porphyrin) are synthesized. Due to the diversity of the porphyrin ligands and the 
large cavities inside the complexes, the cofacial bis(porphyrin) suparmolecules show 
many special properties such as the molecular recognition of quinones and DABCO, 
the photoinduced charge transfer reactions between the porphyrin-quinone dyads 






Directed Self-Assembly and Sandwich Donor-Acceptor-Donor 
Charge-Transfer Complexes of Cofacial Porphyrin Boxes 
 
2.1 Introduction 
Coordination chemistry plays a key role in the development of a new generation 
of molecular boxes and containers whose formations are directed and driven by 
metal-ligand bond. The molecular boxes are attractive candidates for construction of 
chemical sensors123,124, catalysts125, and supramolecular devices126 because of their 
highly modular nature which allows tailoring of the geometry, size and binding 
affinity of their cavities. Some recent breakthroughs in the field include creation of 
supramolecular catalysts by encapsulation of organometallic complexes in molecular 
cages, isolation of novel molecular assemblies or intermediates, and construction of 
allosteric catalysts and nanoscopic reaction vessels.127,128  
While the coordination geometry and number of metal atom are important 
factors in determining the final structure, reversibility of metal-ligand bond formation 
is also crucial because it can prevent the assembly from being trapped in local minima. 
Given the fact that ligands commonly used in metal-directed self-assembly are hard 
bases such as pyridine-based ligands, the soft acid gold(I) ion is an attractive directing 
center because AuI-N bond is kinetically labile. In addition, the propensity for Au(I) 
ion to form linear coordination geometry is unique among all the transition metals. In 
fact these properties of Au(I) has been harnessed to assemble metallo-polymers and 
molecular rectangles. Recently we showed that a digold(I) complex [Au2(μ-PAnP)Cl2] 
(PAnP = 9,10-bis(diphenylphosphino)anthracene) (Figure 2.1)129 can be used as a clip 
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which couples with 4,4’-bipyridine (bipy) to form the luminescent molecular 
rectangle [Au4(μ-PAnP)2(μ-bipy)2]4+.130 The gold clip is quite flexible, allowing 





Figure 2.1. The digold(I) clip Au2(μ-PAnP)Cl2 
Porphyrin and its derivatives have been widely incorporated in molecular 
receptors as a binding unit because its large π-surface allows its binding to a variety of 
guest molecules of different electronic properties such as fullerene and 
methylviologen. Despite possible charge transfer interactions between the 
electron-rich porphyrin and electron-accepting quinone, there are only a few 
complexes of the molecules in face-to-face orientation. Fluorescence quenching 
studies have demonstrated formation of ground state porphyrin-quinone complex in 
solution. Nevertheless, the interaction is not strong enough for the complexes to be 
isolated and structurally characterized. Structurally well-defined cofacial 
porphyrin-quinone complexes are important as they would provide insights into 
electronic coupling between cofacially-oriented π-conjugated electron donor and 
acceptor, and nature of the forces that hold them together. Ogoshi et al first 
determined X-ray crystal structure of a cofacial porphyrin-quinone complex in which 
a quinone is anchored mainly by hydrogen bonds between its oxygen atoms and 
pendant hydroxyl groups of the porphyrin ring. Cofacial orientation of porphyrin and 
quinone can be achieved by positioning the two moieties by covalent linkage.  
Pyridyl-substituted porphyrins such as 5,10,15,20-tetra(4-pyridyl)porphyrin 
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(H2TPyP) are commonly used in metal-directed self-assembly. Usually square planar 
PdII and PtII ions are combined with pyridyl-substituted porphyrin rings to form 
molecular boxes or 2-D networks. In this work, we demonstrate that two molecular 
boxes [Au8(μ-PAnP)4(μ-H2TPyP)](PO2F2)8 (1·(PO2F2)8) and 
[Au8(μ-PAnP)4(μ-ZnTPyP)](OTf)8 (2·(OTf)8) can be assembled from the 
C2v-symmetric gold clip and the D4h-symmetric porphyrin rings (Scheme 2.1). 
Cofacial bisporphyrin is a common motif for a number of receptors and catalysts. 
Interestingly, the boxes 18+ and 28+ can host the electron-accepting 1,4-benzoquinones 
(Scheme 2.2, Chart 2.1), forming sandwich donor-acceptor-donor (D-A-D) 
charge-transfer complexes which were characterized by single crystal X-ray 
diffraction and spectroscopy. Interestingly, the boxes are highly flexible, exhibiting 
induced-fit mechanism in the binding. The D-A-D complexes display charge transfer 
bands in UV-vis or NIR region which allow electronic coupling parameter (HAB) to be 
estimated. [Au4(PPh3)4(TPyP)](OTf)4 (3·(OTf)4) and [(AuPPh3)4(ZnTPyP)](OTf)4 














































































2.2 Results and Discussion 
 
2.2.1 Synthesis  
[Au8(μ-PAnP)4(μ-H2TPyP)2](PO2F2)8 (1·(PO2F2)8) and [Au8(μ-PAnP)4 
(μ-ZnTPyP)2](OTf)8 (2·(OTf)8) were synthesized in high yields (~80 %) by reacting 
[Au2(μ-PAnP)](X)2 (X = PO2F2- or OTf-) with H2TPyP and ZnTPyP, respectively. The 
latter was prepared in situ by reacting Au2(μ-PAnP)Cl2 with two mol equivalents of 
AgPO2F2 or AgOTf. The boxes are the only products of the reactions, suggesting that 
they are thermodynamically favored. Difluorophosphate (PO2F2) ion was chosen as 
the counterion for the 18+ cation because 1·(PO2F2)8 gives crystals of better quality 
than those of 1·(OTf)8. Both 1·(PO2F2)8 and 2·(OTf)8 are stable in solution (vide infra) 
and can be purified by recrystallization. Reasonably good quality crystals of 
1·(PO2F2)8·2CH2Cl2·2CH3OH·2H2O were obtained and the X-ray crystal structure was 
determined. Despite numerous attempts, good quality crystals of 2(OTf)8 have 
remained elusive, and the structure of complex was established by comparing its 
spectral data with those of 1·(PO2F2)8. The monomeric analogs of the boxes, 
[(AuPPh3)4(H2TPyP)](OTf)4 (3·(OTf)4) and [(AuPPh3)4(ZnTPyP)](OTf)4 (4·(OTf)4), 
were prepared by reacting Au(PPh3)(OTf) and H2TPyP and ZnTPyP, respectively. 
1·(PO2F2)8 can only dissolve in CH2Cl2/MeOH (9:1, v/v), and accordingly all 





2.2.2.1 X-ray Crystal Structures 
Crystals of 1·(PO2F2)8·2CH2Cl2·2CH3OH·2H2O were obtained from slow 
diffusion of diethyl ether into a CH2Cl2/MeOH (9:1, v/v) solution of the compound. 
The octanuclear AuI complex (Figure 2.2) is composed of two porpyhrin rings being 
held in a cofacial conformation by four [Au2(μ-PAnP)]2+ clips (Scheme 2.3 and Table 
2.1 for selected structural parameters).  
The two P-Au bonds in a clip are not parallel, subtending an angle θ of 20.22° 
(Scheme 2.3), and to be commensurable with the geometry of the clip, the four 
pyridyl rings of the H2TPyP are bent away from the plane of the porphyrin. The angle 
γ between the C(pyridyl)-C(meso) bond and the C(meso)-C(meso) vector is 8°. As a 
result, the two porphyrin rings are budged outwardly, making the two faces of the box 
slightly convex. The distortion, which uplifts the degeneracy of the four pyridyl 
protons, has significant effect on the 1H NMR spectra of the box and its host-guest 
complexes as will be seen see later. The porphyrin rings are slipped along the x- and 
y-axes by 1.542 and 0.799 Å (see Figure 2.2b for the top view), lowering the 
symmetry of the box from the ideal D4h to Ci. The inversion center is situated midway 

































Table 2.1. Structural parameters of 1·(PO2F2)8·2CH2Cl2·2CH3OH·2H2O, (1⊃TCBQ)·(PO2F2)8·4CH3OH, (1⊃DDBQ)·(PO2F2)8 and 3·(OTf)4·Et2O 
 1·(PO2F2)8·2CH2Cl2·2CH3OH·2H2O (1⊃TCBQ) ·(PO2F2)8·4CH3OH (1⊃DDBQ)·(PO2F2)8 3·(OTf)4·Et2O 
Au–P (Å) 2.239(5) – 2.249(5) 2.231(4) – 2.247(5) 2.241(6) – 2.254(7) 2.237(4) 
Au–N (Å) 2.061(16) – 2.107(16) 2.046(14) – 2.101(13) 2.009(17) – 2.116(18) 2.082(12) 
N-Au-P (deg) 174.2(9) – 178.2(5) 174.7(5) – 177.7(5) 172.9(6) – 178.9(6) 177.3(4) 
C-P-Aua (deg) 110.3(6) – 111.7(8) 105.7(6) – 109.5(6) 105.2(7) – 109.4(8) ___ 
Au-N-C(pyridyl) (deg) 174.1(3) – 178.1(2) 175.6(5) – 179.3(3) 166.5(8) – 174.9(6) 172.7(4), 178.6(3) 
Au–Au (Å) 7.193(2), 7.322(1) 6.628(1), 6.645(2) 6.447(2), 6.580(2) ___ 
P–P (Å) 6.369(2), 6.434(2) 6.298(2) 6.286(2) ___ 
N–N (Å) 7.991(4), 8.127(4) 6.723(4), 6.741(4) 6.636(5), 6.427(6) ___ 
r b (Å) 9.200(1) 6.823(9) 6.695(9) ___ 
p c (Å) ___ 3.412 3.348  
θ (deg) 20.22 2.97 3.42 ___ 
γ (deg) 8.0 2.0 4.5 ___ 
ψ d (deg) 58.7, 64.6, 64.7, 85.6 68.1, 82.9, 85.2, 86.2 56.0, 58.9, 60.1, 64.9 77.2, 84.5 
a, a’e (Å) 1.761, 3.885 1.827, 4.003 1.780, 4.198 ___ 
b, b’ e(Å) 2.155, 4.357 1.836, 4.074 1.948, 4.231 ___ 
 
a C9/C10(anthracenyl ring)-P-Au angle, b distance between the mean planes of the porphyrin rings, cdistance between the mean planes of the porphyrin and 
the included 1,4-benzoquinone. dψ is the dihedral angle between the pyridyl ring and the mean plane of the porphyrin, e averaged horizontal distance between 









Figure 2.2. (a) Side and (b) top views of the X-ray crystal structure of 18+ 
ion. The anions and solvents are omitted for clarity. Color scheme: yellow 








All the clips adopt a syn-conformation in which each AuI ion is linearly 
coordinated (P-Au-N angle = 177.1(8)°) to one P atom of PAnP and one N atom of the 
pyridyl ring. The Au-N and Au-P distances are typical. The dihedral angles between 
pyridyl rings and the mean plane of the porphyrin are 58.7°, 64.6°, 85.6°, and 64.7°. 
The clip and the TPyP undergo large conformational changes in forming the box. First, 
the Au ions in the clips are bent closer to each other: the Au-P bonds in a the clips 
subtend an angle of 20.22° which is very much smaller than the corresponding angle 
of 81.0° in the free clip Au2(μ-PAnP)(NO3)2 (Figure 2.1), and as a result, the distance 
between two adjacent Au(I) ions (7.322(1) Å and 7.193(2) Å) in the box is 
significantly shorter than that in Au2(μ-PAnP)(NO3)2 (9.154(2) Å). The anthracenyl 
rings are curved away from their nearby Au ions, showing dihedral angles of 15.8° 
and 20.5° between its two lateral rings. The porphyrin rings shows a saddle-like 
conformation as the pyrrole rings are alternately displaced up and down from the 
24-atom core mean plane. The deviation of β-pyrrole carbon atoms from the mean 
plane of the porphyrin is ranged from +0.43 to -0.27 Å. On the other hand, 38+, the 
monomeric analog for 18+, shows a nearly planar porphyrin ring (vide infra). Despite 
all the distortions, the molecular box is formed exclusively from the reaction, 
suggesting that the energies required for the distortions are compensated by the free 
energy change in the formation of the box. The thermodynamic stability of the 
molecular boxes is evident from their formation constants (Ka), which are estimated to 
be 105 – 106 (see later).  
The complex has an open structure with a nanoscopic void loosely bound by the 
porphyrin and anthracenyl rings. The distance between the porphyrin rings, taken as 
the height of the box, is 9.200(1) Å and the separation between two diagonal P atoms 
is 24.374(1) Å. No electron density residues are found in the cavity, indicating the 
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absence of solvent molecules. Two opposite sides of the box along the y-axis are 
fenced by the anthracenyl rings that make a dihedral angle of 43.4° with the P-Au-N 
vectors, probably to relieve steric repulsion with the phenyl rings. The four sides of 
the box are open by 9.738(6) and 11.682(3) Å which are the shortest distances 
between the C atoms of opposite anthracenyl rings and phenyl rings respectively.  
The molecular boxes are paneled on the bc plane and the layers stack along the 
a-axis. Each layer is slightly displaced from its neighbors along the b-axis (Figure 
2.3a). The porphyrin rings of successive layers partially overlap with their mean 
planes being separated by 3.734(3) Å, suggesting the presence of intermolecular π − π 
interactions. 
The crystal is highly porous because of the perforated layers and the large 
rectangular channels (I and II) created from their stacking (Figure 2.3b). The channels 
I and II run along the a-axis and the dimensions of their openings are ~ 29 × 16 Å and 
19 × 10 Å, respectively. The channels are lined with the rim of porphyrin rings, 
anthracenyl and phenyl rings and Au(I) ions. The water molecules are found in the 
channel I while the MeOH and CH2Cl2 molecules are located in the channel II. The 
anions are equally shared by the channels. The PO2F2 anions are near to the Au(I) ions, 
probably due to Coulombic attraction as the shortest Au-O distance, 3.427(12) Å, is 










Figure 2.3. Packing diagrams of 18+ viewed along (a) b-axis showing the 
stacking of the boxes and (b) a-axis showing the channels I and II. H atoms, 





Single crystal of 3·(OTf)4·(Et2O) suitable for X-ray investigation was 
obtained by diffusion of ether into a CH3CN solution of the compound 3·(OTf)4. The 
structure of 34+ ion shows a central tetrapyridylporphyrin ring coordinated to four 
AuPPh3+ groups. The complex has a local D4h symmetry. The N-Au-P angle 
(177.26˚), and the Au-N and Au-P bond lengths (2.09 Å) are close to those of 18+. 
Unlike 18+, the central prophyrin ring is not much distorted from planarity as the the 
maximum deviation of the skeletal atoms from the 24-atom core mean plane is only 
0.036 Å. The pyridyl rings are nearly perpendicular to the porphyrin mean plan with 
dihedral angles of 77.2º and 84.5º. 
 
 
Figure 2.4 X-ray crystal structures of 3·(OTf)4·(Et2O).The anions and 





2.2.2.2 Solution Structures  
The ESI-MS and NMR data confirm that 18+ maintains the box structure in 
solution, and 28+ should have a cofacial Zn-bis-porphyrin box-like structure similar to 
that of 18+. The ESI-MS spectrum of 1·(PO2F2)8 (Figure B.1a to B.1c) measured in 
CH2Cl2 displays cluster peaks corresponding to [18+ + 4(PO2F2)-]4+ (m/z 1350.2, calcd. 
1350.0) and [18+ + 5(PO2F2)-]3+ (m/z 1833.6, calcd. 1833.7) ions. Similarly, the 
spectrum of 2(OTf)8 (Figure 2.5a to 2.5e) shows cluster peaks for the molecular ions 
[28+ + 4(OTf)-]4+ (m/z 1429.7, calcd. 1429.7), and [28+ + 5(OTf)-]3+ (m/z 1956.7, calcd. 














Figure 2.5. (a) ESI-MS spectrum of 2·(OTf)8. (b) Zoom scan at m/z 1429.5 
corresponding to [28+ + 4(OTf)-]4+. (c) Simulated isotopic distributions of ion 
[28+ + 4(OTf)-]4+. (d) Zoom scan at m/z 1756.5 corresponding to [28+ + 




1H NMR signals of 1·(PO2F2)8, especially those for the pyrrolic β-CH protons, 
are broad whereas the signals of 2·(OTf)8 (Figure 2.6) are well resolved. The 
broadening of the pyrrolic β-CH signals for 18+ is due to N-H tautomerization in the 
free-base porphyrins.  
 
Figure 2.6. 1H NMR (500 MHz) spectra of 1·(PO2F2)8 (upper) and 2·(OTf)8 
(lower) in CDCl3/CD3OH (v:v 9:1) 
 
All signals were assigned with the aid of the 1H-1H COSY spectra (Figure C.1 
and C.2). An important feature in both spectra is that the four protons of each pyridyl 
ring are non-equivalent. For example, the spectrum of 28+ shows two downfield 
signals at δ 8.85 (d) and 8.64 (d) and two signals at δ 8.41 (d) and 7.67 (d). Similar 
pattern is observed in the spectrum of 18+. On the contrary, the spectra of 34+ and 44+ 
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show only two signals for the pyridyl protons (Figure C.3a and C.3b). Given the 
restricted rotation of the pyridyl rings, the non-degeneracy of the protons implies that 
in solution the complexes maintain their box-like macrocyclic structures in which the 
two faces of the porphyrin ring are non-equivalent. Accordingly, the pyridyl protons 
facing to the interior of the box (endo protons, Hαe and Hβe) are differentiated from 
the protons which are directed outward (exo protons, Hαx and Hβx) (Scheme 2.3). It 
has been established that for meso-tetraphenylporphyrin, the phenyl protons are 
deshielded by the ring current of the porphyrin. In the present case, because the 
pyridyl rings are bent from the porphyrin plane, the Hβe is closer than the Hβx to the 
edge of the porphyrin i.e. a < b (a and b are calculated distances between the Hβe and 
Hβx and the meso C atom, respectively, see Scheme 2.3 and Table 2.1), and hence 
should be more deshielded. The signals at δ 8.38 (8.41) and δ 7.84 (7.67) are therefore 
assigned to the Hβe and the Hβx of 18+ (28+). Similarly, the signals at δ 8.93 (8.86) and 
δ 8.67 (8.66) are attributed to the Hαe and the Hαx of 18+ (28+) because the Hαe is closer 
than the Hαx to the rim of the porphyrin i.e. a’ < b’ (Scheme 2.3 and Table 2.1). The 
similar patterns observed in the spectra of the two boxes imply that 28+ has a domed 
conformation similar to that 18+. While the pyridyl proton signals of 28+ are well 
resolved, the corresponding signals of 18+ are broad. It could be due to rapid 
conformational changes of the free base porphyrin rings in 18+ which are more floppy 
than the Zn2+-porphyrin rings in 28+.  
In the crystal structure of 18+, the two cofacial porphyrin rings are laterally 
displaced from each other, and as a result the four P atoms on each face of the box are 
not equivalent. However, the 31P{1H} NMR spectra of 18+ and 28+ show singlets at δ 
22.00 and 21.86 (Figure C.5b and 2.7b), respectively, indicating that the P atoms are 
equivalent in the solution structure. The signals become broadened but remain 
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unresolved at 243K. It suggests the P atoms in the box are equalized by rapid 
exchange. It is further supported by the VT 1H NMR studies (Figure C.5a, 2.7a). 
While the pyrrole protons in 18+ display a broad signal at δ 8.48 which overlaps with 
that of anthracenyl protons, the corresponding protons appear as a sharp singlet in the 
spectrum of 28+. Both signals are broadened at low temperature, suggesting the 
poprhyrin rings are involved in the fast exchange. A probable dynamic process that 



















Figure 2.7a. Variable temperature 1H NMR (500 MHz) spectra of 2·(OTf)8 




Figure 2.7b. Variable temperature 31P131 NMR (202 MHz) spectra of 




In contrast to the X-ray crystal structure of 18+ in which the two ends of each 
anthracenyl ring are non-equivalent, the 1H NMR spectra of 18+ and 28+ at room 
temperature only shows two sets of signals for H1,4,5,8 and H2,3,7,6 (see Figure 2.6 for 
the numbering scheme), indicating the equivalence of the protons at the two ends of 
the anthracenyl rings. The signals are broadened as the temperature is decreased, 
suggesting that the rings are involved in dynamic exchange, i.e., flipping around the 
C(anthracenyl)-P bonds.  
The 19F NMR spectra of 1·(PO2F2)8 shows a doublet at δ -1.81 ppm (d, JP-F = 
956.7 Hz , in CD3Cl/CD3OD, v/v 9:1) which is close to the signal of “free” PO2F2 
ions in D2O solution of NaPO2F2 (δ -6.98, d, JP-F = 961.9 Hz in D2O) (Figure C.5c). 
The difference, which is relatively small in view of the large range of 19F chemical 
shifts, is likely due to different solvents used in the measurements. Similarly, the 19F 
NMR signal of 2·(OTf)8 (δ 1.48, s, in CD3Cl/CD3OD, v/v 9:1) and NaOTf (δ -3.92, s, 
in CD3OD) are similar. It suggests that the anions are not associated with the boxes in 
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solution. Furthermore, no significant line broadening of the signals is observed even 
at 243K (Figures C 5.c, 2.7c). It is therefore unlikely that anions are shuttling between 
the boxes and the bulk solution.  
 
 
Figure 2.7c. Variable temperature 19F NMR (282 MHz) spectra of 2·(OTf)8 
in CDCl3/CD3OD (v:v, 9:1). 
 
 
The 31P{1H} NMR spectra of 34+ and 44+, which show singlets at δ 29.93 and δ 
29.97 (Figure C.3b and C.4b), are in accord with the expected D4h symmetry of the 
complexes. The structures of the complexes are further confirmed by ESI-MS (Figure 
B.2 and B.3). 
 
2.2.2.3 Absorption and Emission Spectroscopy 
The electronic absorption spectra of 1·(PO2F2)8, 2·(OTf)8, 3·(OTf)4 and 
4·(OTf)4 are shown in Figure 2.8. Although the boxes have the chromophoric 
porphyrin and anthracenyl rings, the UV-vis absorption spectra of the complexes are 
dominated by the Soret (ε >105 M-1cm-1) and Q bands of the poprhyrin rings in the 
boxes, which are far more intense than the π→ π * transitions (λmax ~ 450 nm, ε ~ 104 
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M-1cm-1) of the anthracenyl rings. Notably, the Soret bands of the boxes (18+: λmax = 
420 nm, εmax = 6.18×105 M-1cm-1; 28+: λmax = 430 nm, εmax = 7.71×105 M-1cm-1) are 
slightly higher in energy and broadened than those of the monomeric analogs (34+: 
λmax = 424 nm, εmax = 3.16×105 M-1cm-1; 44+: λmax = 435 nm, εmax = 4.12×105 
M-1cm-1). On the other hand, the Q bands of the boxes (18+: λmax = 518 nm, εmax = 
4.09×104 M-1cm-1; 28+: λmax = 562 nm, εmax = 4.30×104 M-1cm-1) are very slightly 
red-shifted from those of the monomers (34+: λmax = 517 nm, εmax = 2.01×104 M-1cm-1; 
44+: λmax = 561 nm, εmax = 3.03×104 M-1cm-1). These spectral differences suggest 
weak exciton coupling between the cofacial porphyrin rings. The boxes and the 
monomers show slightly different Q(0,0)/Q(1,0) ratios which could be due to the 
distortion of the porphyrin rings in the boxes from planarity.  
All four complexes display porphyrin-based fluorescence in solution when 
irradiated at 350 nm (Figure 2.9) The emission energy of the boxes (λmax = 624 nm 
and 656 nm for 18+ and 28+, respectively) and their monomeric analogs (λmax = 629 
nm and 656 nm for 34+ and 44+, respectively) are nearly the same but the emissions of 
the monomers (emission quantum yield Φem = 0.01 and 0.03 for 34+ and 44+, 
respectively) are more intense than that of the boxes (Φem = 0.005 and 0.01 for 18+ 
and 28+, respectively). In addition to the porphyrinic fluorescence, both 1·(PO2F2)8 
and 2·(OTf)8 show weak emissions at 480 nm due to the anthracenyl rings.  
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Figure 2.8. UV-vis absorption spectra of 1·(PO2F2)8 (black), 2·(OTf)8 (blue), 
3·(OTf)4 (red) and 4·(OTf)4 (green) in CHCl3/CH3OH(9:1, v/v) at room 
temperature. The broken lines are the magnified Q bands (×10).  
 
 


















Figure 2.9. Emission spectra of 1·(PO2F2)8 (black), 2·(OTf)8 (blue), 3·(OTf)4 










2.2.2.4 Dynamic Nature of the Molecular Boxes 
A special feature of the molecular boxes is that they can undergo reversible 
dissociation and self-assembly in solution and the Q band of the porphyrin provides a 
sensitive spectroscopic handle to demonstrate the equilibrium. It is shown that the Q 
band maxima of 18+ at 517 nm in the box does not change significantly as [18+] is 
decreased from 1×10-4 M to 5×10-5 M. However, it shifts towards higher energy when 
the concentration falls below 1×10-5 M and falls sharply to the Q band maxima of free 
H2TPyP (513 nm) at ~ 4×10-6 M (Figure 2.10). Similarly, the Q band of ZnTPyP in 
28+ shifts from 562 nm to 557 nm, which is the maxima of free ZnTPyP, as the 
solution is diluted from 4 × 10-5 M to 5×10-7 M (Figure 2.11) 
 





























Figure 2.10a. The Q band maxima at different initial concentration of 
1·(PO2F2)8 (black: 5×10-5 M, red: 4×10-6 M, blue: 5×10-7 M). The green line 
is the Q band of free H2TPyP. 
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Figure 2.10b. A plot of the Q band maxima versus the concentration of 
1·(PO2F2)8 in CHCl3/MeOH (9:1, v/v) at room temperature. 
 
 






























Figure 2.11a. The Q band maxima at different initial concentration of 
2·(OTf)8 (black: 5×10-5 M, red: 4×10-6 M, blue: 5×10-7 M). The green line is 






























Figure 2.11b. A plot of the Q band maxima versus the concentration of 
2·(OTf)8 in CHCl3/MeOH (9:1, v/v) at room temperature. 
 
The extinction coefficient at 513 nm at 5×10-7 M (4.2×104 M-1cm-1) is 
approximately two times of that of free H2TPyP (1.99×104 M-1cm-1), indicating that 
the box fully dissociates into its components as each box contains two H2TPyP. Thus 
it is evident that in solution, the molecular box (B) is in dynamic equilibrium with its 
building blocks, the clips (C) and the porphyrin rings (P). The dissociation and 
assembly is probably stepwise but the overall equilibrium can be expressed in 
equation 2.1. The formation constant for the molecular box Ka is estimated to be 105 – 
106. 
4 C   +  2 P
Ka
B    (2.1) 
The dissociation of the box at high dilution can be explained by equation 2.2 
which expresses the formation constant of the box, Ka, in the number of moles of the 












K ==    (2.2) 
As the concentration decreases (i.e. V increases with the total number of moles 
kept unchanged), nP and nC would increase at the expense of nB. The thermodynamic 
reason is that the entropy of a solution is greater when it is more diluted, and the 
increase of entropy comes from dissociation of the box which leads to an increase of 
molecules in solution. The dynamic nature of the molecular boxes should arise from 
the fact that the AuI-N bond is labile because of hard(N)-soft(AuI) mismatch. To 
ensure the box dissociation is insignificant, the concentrations of the boxes in all 
spectroscopic measurements and titrations are ≥ 5×10-5 M. 
 
2.2.3 Binding Properties 
Despite the large π-conjugated surfaces of their cofacial porphyrins, 18+ and 
28+ show no binding to π-electron-rich molecules such as benzene, naphthalene, 
anthracene, and pyrene as indicated by the unchanged NMR signals of the boxes in 
the presence of the compounds. On the other hand, the boxes can bind to 
electron-accepting aromatic quinones. The cofacial arrangement of porphyrin rings 
and the cage-like structure are essential for the complexation as the monomeric 
analogs 34+ and 44+ show no binding to 1,4-benzoquinones. The binding was 
elucidated by X-ray crystal structures of the host-guest complexes, NMR, UV-vis and 
fluorescence titrations. The results are discussed in the following sections. For all 
titrations, the concentration of the box is ≥ 5×10-5 M so as to ensure that it is the 
major species in the solution. However, it imposes limit on the resolution of nonlinear 
least square fitting in determination of binding constants of the guests, allowing only 
approximated binding constants for TCBQ and DDBQ. 
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2.2.3.1 X-ray Crystal Structures of the Inclusion Complexes 
Crystals of two host-guest complexes, (1⊃TCBQ)·(PO2F2)8·2CH3OH and 
(1⊃DDBQ)·(PO2F2)8, were obtained by slowly diffusing diffusion diethyl ether into a 
CH2Cl2/MeOH (9:1, v/v) solution containing 1·(PO2F2)8 and excess guests. The 
molecular structure of (1⊃TCBQ)8+ (Figure 2.12) shows a TCBQ molecule is located 
in the center of the box and intercalated between the cofacial porphyrin rings, forming 
a sandwich-like donor-acceptor-donor structure. The planes of TCBQ and porphyrin 
are nearly parallel (dihedral dihedral angle = 0.7°). The average perpendicular 
distance between the porphyrin and TCBQ is 3.412 Å which is typical for aromatic 
charge-transfer or π-π complexes. The porphyrin rings slides along the x- and y-axis 
by 0.408 and 0.098 Å. The box has a local symmetry with the center of TCBQ being 
the inversion center. The O-O axis of TCBQ nearly aligns with the axis passing 
through two opposite meso-C atoms of the porphyrin ring. The horizontal separations 
between the O atoms and the meso-C atoms are 0.761 Å and 0.864Å. The four Cl 
atoms of TCBQ are covered by the pyrrole rings.  
The box undergoes significant conformational changes upon the guest binding. 
First of all, the height of the box shrinks from 9.200(1) Å in the empty box to 6.823(9) 
Å in (1⊃TCBQ)8+. In contrast to the empty box (θ = 20.22°), the P-Au bonds in the 
clips are nearly parallel (θ = 2.97°), and consequently, the pyridyl groups are only 
slightly distorted from the plane of the porphyrin, i.e. γ = 2° (cf. γ = 8 for 18+). As a 
result, the box in the host-guest complex is less domed than the free box. Furthermore, 
the porphyrin rings in the host-guest complex are nearly planar with the maximum 








Figure 2.12. (a) Top and (b) side views of the X-ray crystal structure of 
(1⊃TCBQ)·(PO2F2)8. The anions and solvents are omitted for clarity. . Color 
scheme: yellow (Au), dark blue (C atoms of the box), blue (N), purple (P), 




The conformational changes shorten the separation between the porphyrin rings 
and TCBQ, and thus enhance orbital interactions between the box and the guest and 
the stability of the inclusion complex. Clearly, the binding of TCBQ causes the box to 
undergo conformational changes which in turn increase the stability of the host-guest 
complex. It is an example of induced-fit binding which has been observed in some 
proteins and organic cyclophanes and but not metallacycles. The boxes are capable of 
undergoing significant conformational changes because the clips and the porphyrin 
are flexible. The Au-Au is reduced from 7.322(1) and 7.194(2) Å in 18+ to 6.645(2) 
and 6.628(1) Å in (1⊃TCBQ)8+. In order to maintain a linear P-Au-N coordination 
(N(1)-Au(1)-P(1) angles = 177.1(5)°), the porphyrin rings change from the dome 
conformation in the free box to a planar geometry where the N atoms of the pyridyl 
groups are nearly coplanar with the porphyrin ring (the maximum deviation is 0.230 
Å, c.f. 0.743 Å in 18+). The Au-P and Au-N distances are similar to those in 18+. The 
pyridyl and porphyrin rings are nearly perpendicular. The adjacent anthracenyl rings 
are nearly perpendicular to each other. The eight PO2F2 ions and the MeOH molecules 
are located interstitially.  
The molecular structure of (1⊃DDBQ)8+ (Figure 2.13) shows a DDBQ 
molecule intercalates between the two cofacial porphyrins. The centers of the 
included DDBQ and the porphyrin do not coincide. The guest is disordered equally 
over two positions related by inversion with its cyano-groups and Cl atoms being 
close to the pyrrole rings and the meso-C atoms, respectively. The guest is nearly 
parallel to the porphyrins, showing porphyrin-DDBQ distance of 3.348 Å, which is 
shorter than the corresponding distance of 3.412 Å in (1⊃TCBQ)8+, suggesting that 
DDBQ interacts more strongly than TCBQ with the box. It is supported by the 








Figure 2.13. (a)Top and (b) side views of the X-ray crystal structure of 
(1⊃DDBQ)·(PO2F2)8. The anions and solvents are omitted for clarity. Color 
scheme: yellow (Au), dark blue (C atoms of the box), blue (N), purple (P), 
green (Cl), red (O atoms of DDBQ), orange (C atoms of DDBQ), grey (C 






The box in (1⊃DDBQ)8+ is more compressed than in (1⊃TCBQ)8+ showing 
Au-Au distances of 6.447(2) and 6.580(2) Å. The two Au-N bonds in the clip is nearly 
parallel (θ = 3.42°) and the angle γ is 4.5°. Because of these conformational changes, 
the poprhyrin-porphyrin distance is reduced to 6.696(9) Å. It is shorter than the 
porphyrin-porphyrin distance in (1⊃TCBQ)8+ (6.823(9) Å). That shortening is parallel 
with the increased in the binding energy ΔGUV for TCBQ (~-30 kJmol-1) and DDBQ 
(~-36 kJmol-1) lends further supports to the idea that the box is able to change its 
conformation to enhance its interactions with the guests. The framework of the box 
distorts significantly from the highest D4h symmetry with the porphyrin rings laterally 
displaced along the x- and y-axes by 0.767 Å and 0.600 Å. The P-Au-N bonds remain 
linear (172.9(6) – 178.9(6)°) and the Au-N (2.009(17) – 2.116(18)Å) and Au-P 
distances (2.241(6) – 2.254(7)Å) are similar to those in the empty box but the 
porphyrin rings are less distorted from planarity (max. deviation from the mean plane 
= 0.255 Å).  
 
2.2.3.2 ESI-MS spectra of inclusion complexes 
The ESI-MS spectra of some inclusion complexes ((1⊃TCBQ)·(PO2F2)8, 
(1⊃DDBQ)·(PO2F2)8, (2⊃TCBQ)·(OTf)8, and (2⊃DDBQ)·(OTf)8 were obtained in 
CH2Cl2. The ESI-MS spectrum of (1⊃TCBQ)·(PO2F2)8 displays peaks that correspond 
to the quadruply charged ion [(1⊃TCBQ)8+ + 4(PO2F2)-]4+ (m/z 1410.5, calcd. 1411.8) 
and the triply charged ion [(1⊃TCBQ)8+ + 5(PO2F2)-]3+ (m/z 1916.4, calcd. 1916.1) 
(Figure B.4).  The ESI-MS spectrum of (1⊃DDBQ)·(PO2F2)8 shows peaks of 
[(1⊃DDBQ)8+ + 4(PO2F2)-]4+ (m/z 1406.1, calcd. 1406.7) and [(1⊃DDBQ)8+ + 
5(PO2F2)-]3+ (m/z 1907.8, calcd. 1909.3) (Figure B.5). Similarly, the ESI-MS spectrum 
of (2⊃TCBQ)·(OTf)8 displays peaks that correspond to the five charged ion 
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[(2⊃TCBQ)8+ + 3(OTf)-]5+ (m/z 1162.7, calcd. 1163.4) and the quadruply charged ion 
[(2⊃TCBQ)8+ + 4(OTf)-]4+ (m/z 1490.5, calcd. 1491.5) (Figure B.6). The ESI-MS 
spectrum of (2⊃DDBQ)·(OTf)8 shows peaks of [(2⊃DDBQ)8+ + 3(OTf)-]5+ (m/z 
1159.4, calcd. 1159.6) and [(2⊃DDBQ)8+ + 4(OTf)-]4+ (m/z 1486.4, calcd. 1486.8) 
(Figure B.7). However, the inclusion complexes of the weakly binding are not 
detected in the ESI-MS of solutions containing the boxes and excess guests. The 
ESI-MS peaks of the inclusion complexes verified that the solid state host-guest 1:1 
complexation is maintained in the solution state.   
 
2.2.3.3 NMR Titrations & Job’s Plot 
The results of 1H and 31P{1H} NMR titrations of the molecular boxes by the 
aromatic quinones verify the binding of the guests in solution. Since the guest protons 
are not available (DDQ, TCBQ and TFBQ) or overlapping with the host protons, the 
NMR signals of the molecular boxes were monitored. 
Figure 2.14 to 2.19 and Figure C.6 to C.19 present the 1H and 31P{1H} NMR 
changes observed in the titration of 1·(PO2F2)8  and 2·(OTf)8 with all the aromatic 
quinones. Rapid exchange of quinones between the box and solution broadens their 
proton signals. The signals of the quinones are upfield shifted by the diatropic current 
of the porphyrin rings (Figure 2.14a and 2.17a). No such changes are observed in the 
NMR spectra of solutions containing 34+ and 44+ and excess quinones, implying that 
the changes are due to intercalation of the guests in the boxes. 
After binding with aromatic quinones, the host signals go through with the 
same changing patterns. Figure 2.15a shows the 1H NMR spectral changes in 
titrations of 18+ with TCBQ. The pyridyl protons in the exo positions, Hαx and Hβx, are 
downfield shifted but the endo protons Hαe and Hβe, are upfield shifted. Consequently, 
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the signals of the endo and exo protons are moved closer to each other. The chemical 
shift difference (Δδ) between the Hαx and the Hαe decreases slightly from ppm in the 
free boxes to ppm in the host-guest complexes. On the other hand, the changes in the 
chemical shifts of the Hβx and Hβe, which are closer to the porphyrin ring, are more 
pronounced. For example, the the Hβx and Hβe, which are separated widely by 0.26 
ppm in the free 18+, coalesce in (1⊃TCBQ)8+. As mentioned, in the free box the endo- 
protons are more deshielded than the exo-protons because the pyridyl rings are bent 
from porphryin plane, i.e. the angle γ = 8°. Accordingly, the observed merging of the 
signals in the spectra of the host-guest complexes suggest the endo- and exo-protons 
are almost equally deshielded by the porphyrin rings. It is in accord with the crystal 
structures of (1⊃TCBQ)8+ and (1⊃DDBQ)8+ which show γ of 2° and 4.5°, 
respectively. As a result, the distance of the Hβe from the meso-C and plane of the 
porphyrin increases, e.g. from a = 1.761 Å in the empty box to a = 1.827 Å in 
(1⊃TCBQ)8+ (Scheme 2.3 and Table 2.1). This leads to the observed upfield shift of 
the Hβe signal. The downfield shift of the Hβx is due to the decrease of b = 2.155 Å to 
b = 1.836 Å. Similarly, the changes in chemical shifts of the Hαx and Hαe can be 
related to the changed in the distances a’, b’. The pyrrolic protons of the free base 
porphyrin in the complexed 18+ remain broad because of the N-H tautomerization. On 
the other hand, the binding sharpens the pyrrolic protons in 28+ and the pyridyl 
protons in 18+, suggesting that the porphyrin rings become less floppy in the presence 







Figure 2.14. 1H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) 
spectral change of 1·(PO2F2)8  (concentration = 3.2 mM) upon addition of 











Figure 2.15. 1H NMR (500MHz) (a) and 31P {1H} NMR (121 MHz) (b) 
spectral change of 1·(PO2F2)8  (concentration = 3.2 mM) upon addition of 










Figure 2.16. 1H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) 
spectral change of 1·(PO2F2)8  (concentration = 3.2 mM) upon addition of 








Figure 2.17. 1H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) 
spectral change of 2·(OTf)8  (concentration = 3.2 mM) upon addition of 









Figure 2.18. 1H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) 
spectral change of 2·(OTf)8  (concentration = 3.2 mM) upon addition of 








Figure 2.19. 1H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) 
spectral change of 2·(OTf)8  (concentration = 3.2 mM) upon addition of 
guest DDBQ (concentration = 0.0 – 4.8 mM) in CD3Cl/CD3OD. 
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For the weakly binding guests, the 1H NMR and 31P{1H} titration spectra 
show only one set of signals at any given [G], and their chemical shifts are average of 
those of the free and complexed boxes. This indicates the exchange of the guests is 
faster than the NMR timescale. On the other hand, for the box - DDBQ and - TCBQ 
titrations, the 31P{1H} NMR spectra show two sets of signals when [H] > [G]. For 
example, at [28+]:[TCBQ] = 2:1, the 31P{1H} NMR spectrum (202.4 MHz) displays 
two peaks at δ 22.05 and 23.14 which correspond to the free and complexes boxes, 
respectively (Figure 2.18b). On the other hand, the signals in the spectra of 
18++TCBQ and 18++DDBQ (H:G = 2:1) are broad and nearly coalesce (Figure 2.14b 
and 2.15b). The exchange rates of the guests are estimated to be ~120 s-1.  
The 1H NMR spectra (500 MHz) of 18+ - TCBQ and - DDBQ and 28+- TCBQ 
titrations show only one set of signals (Figure 2.15a, 2.16a and 2.18a). On the other 
hand, two sets of signals for the Hαe and Hαx are barely resolved in the 28+-TCBQ 
titration at [28+]:[DDBQ] = 2:1 (Figure 2.19a). The Δδ of the two Hαe and the two Hαx 
are 0.06 and 0.02, respectively. The slowest exchange rate of DDBQ is therefore 
estimated to be ~10 s-1. It is noted that the box (D4h) and DDBQ (C2v) have different 
symmetry and accordingly the binding of the guest would make the P atoms and the 
pyrrolic protons nonequivalent. Nonetheless, only a singlet is observed for the P 
atoms and pyrrolic protons in the spectra of (2⊃DDBQ)8+. A possible explanation is 
that the signals corresponding to the nonequivalent P or H atoms are too close to be 
resolved. Alternatively, the atoms are equalized by rapid motion of DDBQ (i.e. 
spinning) inside the cavity of the box. 
The stoichiometry of the inclusion complexes was determined by the modified 
Job’s plots derived for complexation that involves fast exchange of the guest. The 
modified Job’s plots for the binding of the guests (except DDBQ) (Figure 2.20, 
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D.1-17) show the cages and the aromatic quinones form 1:1 complexes (eq. 2.3). The 
1:1 complexation between 1·(PO2F2)8 and DDBQ was proven by the X-ray crystal 
structures (Figure 2.13).  
[H]       +       [G] [ H · G]
K [H]t = [H] + [H · G]
[G]t   =   [G]   +   [H · G]












[H]t (δH - δ0H)
[H]t / ([H]t + [G]t)
 
Figure 2.20. Modified job’s plot for the binding of TCBQ to 2·(OTf)8 
showing the 1:1 stoichiometry. δ 0H  is the chemical shift of Hαe in the free 




2.2.3.4 UV-Vis Absorption Spectroscopy Titrations 
Since the boxes contain two kinds of chromophores and the Soret bands (18+: 
λmax = 420 nm, εmax = 6.18×105 M-1cm-1; 28+: λmax = 430 nm, εmax = 7.71×105 M-1cm-1) 
of the porphyrin rings overlap with π → π * transitions (λmax ~ 450 nm, ε ~ 104 
M-1cm-1) of the anthracenyl rings, the Q-bands of porphyrin rings are monitored as a 
function of the total concentration of the guest [G]t. In the titration, the total 
concentration of the box, [H]t, is held constant while the total concentration of the 
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guest, [G]t, is varied. As shown in Figure 2.21, the Q-band absorptions of 2(OTf)8 are 
broadened upon adding of guest TCBQ in CH3Cl/CH3OH (9:1, v/v). The difference 
spectrum of AH – AH0 (AH0 and AH are the host absorbance in the absence and 
presence of the guest, respectively) are also presented in Figure 2.21. There are 
several isobatic points detected in the spectrum, which indicates only two components 
has the absorption presented during the titration. As conformed by solid state structure 
of inclusion complex, these two components are the free box 2(OTf)8 and the 
inclusion complex 2⊃TCBQ(OTf)8). The binding constant Kuv, and the absorbance 
difference (ΔAH) between the free host (AH0) and the complexed host (AHc) are 
obtained from nonlinear least-squares regression onto the data of eq 2.4, which is 
derived for the 1:1 binding that applies to the UV-visible spectroscopy titrations 
(Fgirue 2.21).132 The binding constants Kuv of the aromatic quinones differ greatly, 
ranging from 70 for MCBQ to 3×106 for DDBQ (Figure 2.22 and 2.22, E.1-E.38). 
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Figure 2.21. UV-vis absorption spectral change upon addition of TCBQ to a 
CH3Cl/CH3OH (9:1, v/v) solution of 2·(OTf) and the difference spectrum of 
AH – AH0. 
 
Figure 2.22. The least-square fit of 2·(OTf) and TCBQ using eq. 2.2. 
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Table 2.2. Binding constants and free energy of binding for the aromatic quinones determined 
by UV-vis absorption at 298K. 
1·(PO2F2)8 2·(OTf)8 
Guest 









MCBQ -0.34 (7.22±0.41)×10 10.60±0.14 (7.86±0.20)×10 10.81±0.06 
DCBQ -0.18 (4.16±0.09)×102 14.94±0.05 (5.44±0.09)×102 15.61±0.04 
TFBQ -0.04 (2.23±0.09)×103 19.16±0.09 (6.50±0.08)×103 21.75±0.03 
TCBQ 0.01 (4.75±3.96)×105 32.38±1.50 (2.70±0.81)×105 30.99±0.65 
DDBQ 0.51 (3.20±10.4)×106 37.11±3.59 (2.46±6.29)×106 36.46±3.14 
1, 2-NQ -0.58 (5.95±0.36)×103 21.53±0.14 (6.88±0.34)×103 21.89±0.11 
1, 4-NQ -0.70 (2.28±0.07)×103 19.16±0.07 (3.76±0.07)×103 20.39±0.05 
AQ -0.86 (1.16±0.11)×103 17.48±0.23 (2.00±0.14)×103 18.84±0.17 
DCAQ -0.79 (2.27±0.05)×103 19.61±0.04 (1.81±0.04)×103 18.58±0.06 
PQ -0.66 (2.19±3.25)×105 30.47±2.25 (2.03±0.92)×105 30.28±0.93 
 
 
Figure 2.23. Plots of –ΔG UV  vs the reduction potentials of the 
1,4-benzonquinones (MCBQ, DCBQ, TFBQ, TCBQ and DDBQ)
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For all the 1,4-benzoquinone (MCBQ, DCBQ, TFBQ, TCBQ, DDBQ) guests, 
the free energies of the binding –ΔG UV increase with the increasing of their reduction 
potentials (Figure 2.23). The well correlation between the -ΔGUV and the quinones’ 
reduction potentials indicates that the charge transfer (CT) interaction plays an 
important role in the 1,4-benzoquinones’ complexation process. The crystal structures 
of inclusion complexes 1⊃TCBQ·(PO2F2)8, 1⊃DDBQ·(PO2F2)8 and 1⊃PQ·(PO2F2)8  
demonstrate the binding process did not involve any dipolar interactions. Besides the 
CT interaction, the driving forces of the complexation could be due to van der Waals 
interactions, solvophobic effect, and electrostatic interactions. It is well documented 
that, the desolvation effect of the hosts and guests gives positive enthalpic and 
entropic changes, the loss of conformational degrees of freedom by complexation 
gives negative entropic changes, the van der Waals interactions give negative 
enthalpic changes.135 Since all the guests are neutral compound, the contributions due 
to the electrostatic interactions are probably low.  
In order to better understand the binding driving forces, the thermodynamic 
parameters of complex 1·(PO2F2)8 and 2·(OTf)8 binding with 1,4-benzoquinones are 
studied. Since the binding constant of DDBQ is too big to accurately calculated, the 
binding constants and free energies of the other four p-benzoquinones (MCBQ, 
DCBQ, TFBQ and TCBQ) are calculated (Table 2.3), and the complexation enthalpic 
and entropic changes are calculated from the van’t Hoff equation (Figure E.39-E.78). 
 54 
Table 2.3. Binding constants at different temperatures and thermodynamic parameters 
K (M-1) 
Hosts Guests 







MCBQ (1.25±0.05)×102 (1.20±0.07)×102 (0.98±0.04)×102 (0.75±0.03)×102 -11.02±0.13 -11.53±1.45 -0.50±1.47 
DCBQ (7.91±0.28)×102 (6.51±0.22)×102 (5.60±0.22)×102 (4.31±0.16)×102 -15.33±0.10 -13.52±1.12 1.81±1.16 
TFBQ (3.15±0.23)×103 (2.37±0.09)×103 (1.85±0.24)×103 (1.61±0.11)×103 -18.53±0.19 -14.58±2.16 3.95±2.25 
1·(PO2F2)8
TCBQ (1.03±0.99)×106 (5.72±3.63)×105 (3.68±1.78)×105 (2.22±0.77)×105 -31.09±1.17 -34.63±18.52 -3.54±18.71 
MCBQ (1.36±0.05)×102 (1.30±0.04)×102 (1.14±0.14)×102 (1.07±0.10)×102 -11.74±0.30 -5.21±1.12 6.52±2.16 
DCBQ (8.81±0.12)×102 (6.84±0.31)×102 (6.03±0.09)×102 (5.29±0.21)×102 -15.66±0.10 -12.33±0.61 3.32±0.64 
TFBQ (1.04±0.23)×104 (7.59±0.25)×103 (6.53±0.12)×103 (5.67±0.13)×103 -21.57±0.06 -14.02±0.68 7.55±0.71 
2·(OTf)8 
TCBQ (1.37±0.91)×106 (5.77±2.40)×105 (3.39±0.64)×105 (2.18±0.27)×105 -31.03±0.46 -36.90±10.15 -5.87±10.14 
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As listed in Table 2.3, all of the complexations of hosts 1·(PO2F2)8 and 
2·(OTf)8 with p-benzoquinones give negative enthalpic changes (ΔH < 0), 
accompanied by either positive (TΔS > 0) or negative (TΔS < 0) entropic changes. The 
free binding energies decrease with the decreasing of the enthalpic changes, which 
indicate that the CT and van der Waals interactions are the main driving forces of the 
associations of p-benzoquinones. On the other hand, the relatively weak entropic 
changes could be due to the compensative facets of both the conformation fixation 
and the desolvation effect upon host-guest complexation.  
 
2.2.3.5 UV-Vis-NIR Absorption Spectroscopy 
In the normal range UV-Vis titration spectra of 1·(PO2F2)8 and 2·(OTf)8 with 
the 1,4-benzonquinones, the porphyrin Q-bands are broadened and blue shift 
compared to the free host. In the UV-VIS-NIR titration spectra, new absorption bands 
and new shoulder bands are detected of the guest DDBQ and TCBQ. In the 
UV-VIS-NIR titration spectra of solution 3·(OTf)4 and 4·(OTf)4, no new bands is 
detected either with guest DDBQ or TCBQ. The new and weak absorption bands only 
detected with 1·(PO2F2)8 and 2·(OTf)8 may attribute to the CT interactions between 
the porphyrin rings and the quinones happened inside the molecular boxes.  
As shown in Figure 2.24, after addition of DABCO, the broad new absorption 
bands are detected with the molar extinction coefficient of 298 (λmax = 950nm) and 
604 (λmax = 1134nm) for 1·(PO2F2)8 and 2·(OTf)8, respectively. For the guest TCBQ, 
new shoulder bands detected started from 900nm and 1050 nm with 1·(PO2F2)8 and 
2·(OTf)8, respectively. The CT absorption bands of the adducts with 1·(PO2F2)8 are at 
shorter wavelength relative to those involving the corresponding 2·(OTf)8 receptor. 
This is a consequence of the lower oxidation potential of Zn-porphyrins. Within the 
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same receptors, the CT band tends to shift to lower energy with DDBQ relative to 
TCBQ, reflecting the lower reduction potential of DDBQ compared to that of TCBQ. 
Therefore, the CT bands with other p-benzoquinones presumably exist at shorter 
wavelength overlapped by the Q-bands of porphyrins.  
 
Figure 2.24. UV-VIS-NIR absorption spectra of solutions containing 
1·(PO2F2)8 (black), (1⊃DDBQ)·(PO2F2)8 (red), (1⊃TCBQ)·(PO2F2)8 (blue), 
2·(OTf)8 (orange), (2⊃DDBQ)·(OTf)8 (purple) and (2⊃TCBQ)·(OTf)8 (green) 
in CH3Cl/CH3OH (9:1, v/v).  
 
 
2.2.3.6 Photoinduced Electron Transfer (PET) 
The PET reactions between porphyrin – quinone dyads are widely studied by 
the quenching of porphyrin rings’ fluorescence. As indicated by the UV-Vis-NIR 
absorption spectra and the well correlations between the -ΔGUV and the reduction 
potentials, the PET reactions may taken inside the molecular cages 1·(PO2F2)8 and 
2·(OTf)8. The fluorescence quenching of 1·(PO2F2)8, 2·(OTf)8 as well as their 
corresponding references 3·(OTf)4 and 4·(OTf)4 by 1,4-benzonquinones was 
investigated in CH3Cl/CH3OH (9:1, v/v). As shown in Figure 2.24 and F.1 to F.18, the 
emissions of 1·(PO2F2)8 and 2·(OTf)8 are quenched by all the 1,4-benzonquinones. 
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Figrue 2.25 shows the change of the emission intensity of 2·(OTf)8 upon addition of 
TCBQ. Since all the 1,4-benzonquinones virtually have no absorption beyond 600nm, 
the fluorescence quenching is not due to the internal absorption of the guests. The 
binding constants KQ for the 1,4-benzonquinones were determined from the 
least-squares fit to the equation 2.5 for 1:1 host-guest complexation (Figure 2.26 and 
F.1 to F.18). The KQ and the binding free energy –ΔGQ are listed in Table 2.6. The 
results show that the KQ values are close to the corresponding KUV values determined 








2 −−Δ−=       eq. 2.5 
QK
]G[]H[B 1tt ++=                     eq. 2.5.1 
 
 
Table 2.4. Binding constants and free energy of binding for the 1.4-benzoquinones 
determined by fluorescence quenching at 298K. 
1·(PO2F2)8 2·(OTf)8 
Guest 
KQ (M-1) –ΔGQ (kJmol-1) KQ (M-1) –ΔGQ (kJmol-1) 
MCBQ (5.74±0.78)×10 10.03±0.32 (3.95±0.15)×10 9.11±0.22 
DCBQ (2.58±0.11)×102 13.78±0.11 (4.25±0.12)×102 15.00±0.07 
TFBQ (1.03±0.03)×103 17.20±0.07 (3.32±0.07)×103 20.09±0.05 
TCBQ (2.18±0.77)×105 29.04±0.32 (2.32±0.51)×105 29.29±0.21 
DDBQ (3.50±1.52)×105 31.63±0.89 (5.45±2.26)×105 32.72±0.86 
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Figure 2.25. Emission spectral change upon addition of TCBQ to a 
CH3Cl/CH3OH (9:1, v/v) solution of 2·(OTf)8. Excitation wavelength = 560 
nm, excitation and emission slit width = 10 nm. 
 




The fluorescence quenching of 1·(PO2F2)8 and 2·(OTf)8 as well as their 
reference 3·(OTf)4 and 4·(OTf)4 by 1,4-benzoquinones was studied by Stern – Vlomer 
plots. As shown in Figure 2.27 and 2.28, the relative fluorescence strength (I0/Iobs) is 
correlated with the concentration of quinone ([quinone]). Fluorescence from the 
porphyrin unit in 1·(PO2F2)8 and 2·(OTf)8 is quenched upon addition of DDBQ, 
TCBQ and TFBQ, and nonlinear saturation dependencies of I0/Iobs yields on [quinone] 
are observed (Figure 2.26a and 2.27a). On the contrary, the fluorescence quenching of 
3·(OTf)4 and 4·(OTf)4 is much weaker and shows a linear dependency of [quinone]. 
When DCBQ and MCBQ are employed as the quencher, all the fluorescence 
quenching shows linear concentration dependencies, while the quenching of 
1·(PO2F2)8 and 2·(OTf)8 is significantly more efficient than 3·(OTf)4 and 4·(OTf)4 
(Figure 2.26b and 2.27b). These observations suggest that DDBQ, TCBQ and TFBQ 
strongly bind inside the cavities of 1·(PO2F2)8 and 2·(OTf)8, to result in effective 
photoinduced charge transfer within the complex, while DCBQ and MCBQ are not so 
strongly binding inside the cavities of 1·(PO2F2)8 and 2·(OTf)8, and the intra- and 
inter- molecular electron transfer simultaneously occurr during the quenching 
processing. The fluorescence quenching of 3·(OTf)4 and 4·(OTf)4 is very weak and 
only intermolecular electron transfer is detected. 
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Figure 2.27. Stern-Volmer plots for the fluorescence quenching of (a) 1·(PO2F2)8 
with DDBQ (red), TCBQ (blue), TFBQ (purple) and 3·(OTf)4 with TCBQ 
(green), TFBQ (yellow); (b) 1·(PO2F2)8 with DCBQ (red), MCBQ (blue) and 
3·(OTf)4·(OTf)4 with DCBQ (purple), MCBQ (green) in CHCl3/CH3OH (v/v, 
9:1) at 298K. Excitation wavelength = 590 nm, monitored wavelength = 658 
























































Figure 2.28. Stern-Volmer plots for the fluorescence quenching of (a) 2·(OTf)8 
with DDBQ (red), TCBQ (blue), TFBQ (purple) and 4·(OTf)4 with TCBQ 
(green), TFBQ (yellow); (b) 2·(OTf)8 with DCBQ (red), MCBQ (blue) and 
4·(OTf)4 with DCBQ (purple), MCBQ (green) in CHCl3/CH3OH (v/v, 9:1) at 
298K. Excitation wavelength = 560 nm, monitored wavelength = 628 nm, 





In this chapter, two cofacial porphyrin boxes were synthesized by the 
self-assembly between the di-gold(I) clip Au2(μ-PAnP)(OTf)2 and meso- 
tetrapyridylporphyrin (H2TPyP) and its zinc complex (ZnTPyP). The boxes can form 
novel sandwich donor-acceptor-donor (D-A-D) charge transfer complexes with 
aromatic quinones. The binding properties in the solid state and solution have been 
studied in detail. The solid crystal structures of the empty box and inclusion 
complexes showed that the binding of the aromatic quinones led to the conformational 
changes of the box’s structures. NMR spectra, UV-VIS absorption and fluorescence 
titrations showed that the cofacial porphyrin boxes are receptors for aromatic 
quinones of different sizes and electronic properties. For all the 1,4-benzoquinone 
(MCBQ, DCBQ, TFBQ, TCBQ and DDBQ) guests, the free energy of the binding 
–ΔGUV displayed well correlations with 1,4-benzoquinones’ reduction potentials and 
indicated that the CT interaction plays an important role in the 1,4-benzoquinones’ 
complexation process. The fluorescence of the boxes is quenched upon the guest 
binding. The quenching was studied by the Stern-volmer plots and indicated the CT 
happened inside the inclusion complexes. This conclusion also proved by the 
NIR-UV-VIS absorption. In boxes’ absorption spectra, new broad bands are detected 
at 800nm to 2000nm after adding of guest TCBQ and DDBQ.  
 
 63
2.4 Experimental Section 
 
2.4.1 General Method  
Otherwise mentioned in the text all the syntheses were carried out in N2 
atmosphere with standard Schlenck techniques. Au2(μ-PAnP)Cl2129, 
Znic5,10,15,20-tetra(4-pyridyl)-21H,23H- porphyrine (ZnTPyP)136  were synthesized 
according to the reported method. KAuCl4 was purchased from Oxkem. Silver triflate, 
Silver hexafluorophosphate, Me2S, triphehylphosphine, Zinc acetate dihydate and 5, 
10, 15, 20-tetra(4-pyridyl)porphyrin were purchased from Aldrich and used without 
being purified. 1, 4-benzoquinone derivatives: tetrachloro (chloranil), tetrafluoro 
(fluoranil), 2,5-dichloro, 2-chloro and 2,3-dichloro-4,5-dicyano [1,4]benzoquinone 
obtained from Aldrich, were purified by recrystallization from hot ethanol or 
chloroform. All the solvents used were purified according to the literature procedures. 
The soft-ware program Kaleidagraph version 3.5 was used to carry out the nonlinear 
least-squares regression on data of the UV and fluorescence titrations.  
 
2.4.2 Physical Measurements 
Physical Methods     UV-vis absorption and UV-vis-nir absorption were 
recorded on a Hewlett-Packard HP8452A diode array spectrophotometer and a 
Shimadzu UV-3101 PC scanning spectrophotometer respectively. Fluorescence 
spectra were recorded on a Perkin-Elmer LS50B spectrofluorophotometer. The 
averaged optical path length is 1 cm with the exception of the UV-vis absorption 
dilution studies, whose optical path length is 1 mm. 1H and 31P{1H} NMR spectra 
were recorded on a Bruker ACF 500 spectrometer. Elemental analyses were carried 
out in the department of chemistry, National University of Singapore. Electrospray 
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ionization mass spectra (ESI-MS) were measured on a Finnigan MAT 731 LCQ 
spectrometer.  
 
Modified Job’s Plot     A series of solutions with the [H]t/[H]t+[G]t ratio 
ranging from 0 to 1 were prepared in CDCl3/CD3OD (9:1, v/v). [H]t and [G]t are total 
concentrations of the molecular box and p-benzoquinone, respectively. The sum of 
[H]t and [G]t was kept constant in all of the solutions. The stoichiometry of the host – 
guest complexation was determined form the x-coordinate at the maximum in a 
modified Job’s plot in which the y-axis is [H]t(δ0 – δt) and the x-axis is [H]t/[H]t +[G]t. 
 
UV-vis Spectroscopy Titrations     In the UV-vis titrations, [H]t is fixed 
while [G]t is varied. The host stock solutions were prepared in CH3Cl/CH3OH (9:1, 
v/v). The guest stock solutions were prepared by the host stock solutions. The host 
stock solution was titrated by the addition of guest stock solution and recorded by 
UV-vis spectroscopy. The wavelength to take the absorbance values was decided by 
the maximum of difference spectrum of AH0 – AH (AH0 and AH are the host 
absorbance in the absence and presence of the guest, respectively). The binding 
constant Kuv, and the absorbance difference (ΔAH) between the free host (AH0) and the 
complexed host (AHc), were obtained from nonlinear least-squares regression onto the 
data of eq 2.2.  
 
Fluorescence Quenching Studies     The fluorescence quenching studies 
were followed the same procedures as UV-vis spectroscopy titrations. The host stock 
solutions were also prepared in CH3Cl/CH3OH (9:1, v/v), and titrated by the guest 
stock solutions which were prepared by the host stock solutions. The binding constant 
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KQ were obtained from the eq. 2.3 similar to eq. 2.2. IH0 and IH are the host emission 
intensities in the absence and presence of the guest, respectively. ΔIH is the emission 
difference between the free host (IH0) and the completely complexed host (IHc), which 
was also calculated from the eq.2.3. 
 
X-ray Crystallography     The diffraction experiments were carried out on 
a Bruker AXS SMART CCD 3-circle diffractometer with a sealed tube at 23 °C using 
graphite-monochrmated Mo Kα radiation (λ = 0.71073 Å). The software used was as 
follows: SMART for collecting frames of  data, indexing reflection, and 
determination of lattice parameters, SAINT for integration of intensity of reflections 
and scaling, SADABS for empirical absorption correction, and SHELXTL for space 
group determination, structure solution, and least-squares refinements on |F|2. 
Anisotropic thermal parameters were refined for the rest of the non-hydrogen atoms. 
The hydrogen atoms were placed in their ideal positions. A brief summary of crystal 
data and experimental details are given in the Talbe A.1-3. 
 
2.4.3 Preparations 
Synthesis of [Au8(μ-PAnP)4(H2TPyP)2](PO2F2)8 ( 1·(PO2F2)8 ) A suspension 
of AgPF6 ( 0.23 g, 0.89 mmol) in 30 ml HPLC grade CH2Cl2 was stirred overnight in 
air. This suspension was degassed and added with Au2(μ-PAnP)Cl2 (0.30 g, 0.30 
mmol) with stirring in darkness for 1.5 h. The solution was filtered to remove AgCl 
and the filtrate, a yellow solution, was transferred to a 50 mL CH2Cl2/CH3OH solution 
of H2TPyP (0.092 g, 0.15 mmol). After stirring another 2 h, the product was 
precipitated out by (Et)2O as purple solid. Yield: 0.35 g (81%). Crystals were obtained 
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from CH2Cl2/CH3OH/Et2O. Anal.cacld for C242H192F16N16O20P16Cl12Au8 
[1·(PO2F2)8·(CH2Cl2)6·(CH3OH)4]: C, 45.10%; H, 3.00%; N, 3.48%. Found: C, 
45.08%; H, 2.98%; N, 3.47%. 31P{1H} NMR spectrum  (CDCl3/CD3OD, 9:1, 202 
MHz): δ 21.69 (s). 1H NMR spectrum (CDCl3/CD3OD, 9:1, 500 MHz): δ 8.92 (d, 8H), 
8.62 (d, 8H), 8.47 (m, 16H), 8.38 (d, 8H), 7.89-7.60 (m, 96h) and 7.46 (m, 16H). 
ESI-MS (m/z assignment): 1349.7, [18+ + 4(PO2F2)-]4+; 1833.6, [18+ + 5(PO2F2)-]3+. 
Synthesis of [Au8(μ-PAnP)4(ZnTPyP)2](OTf)8 (2·(OTf)8 ) To a 30 mL 
CH2Cl2 solution of Au2(μ-PAnP)Cl2 (0.3 g, 0.30 mmol), three mol. equiv of 
AgCF3SO3 (0.23 g, 0.89 mmol) was added and the mixture was stirred in darkness for 
3 h. The solution was filtered to remove AgCl and the filtrate, a yellow solution, was 
transferred to a 50 mL CH2Cl2 /CH3OH solution of ZnTPyP (0.10 g, 0.15 mmol). 
After stirring another 2 h, the product was precipitated out by (Et)2O as purple solid. 
Yield: 0.37 g (79%). Crystals were obtained from CH2Cl2/CH3OH/Et2O. Anal. Calcd 
for C242H182F24N16O33S8P8Cl4Au8Zn2 [2·(OTf)8·(CH2Cl2)2·(H2O)9]: C, 43.66%; H, 
2.68%; N, 3.37%. Found: C, 43.64%; H, 2.73%; N, 3.37%. 31P{1H} NMR spectrum  
(CDCl3/CD3OD, 9:1, 202 MHz): δ 21.66 (s). 1H NMR spectrum (CDCl3/CD3OD, 9:1, 
500 MHz): δ 8.86 (d, 8H), 8.57 (d, 8H), 8.47 (m, 24H), 7.89-7.58 (m, 96H) and 7.42 
(m, 16H). ESI-MS (m/z assignment): 1114.5, [28+ + 3OTf]5+; 1429.6, [28+ + 4OTf]4+; 
1956.4, [28+ + 5OTf]3+. 
 
Synthesis of [Au4(PPh3)4(H2TPyP)](OTf)4 (3·(OTf)4) To a 30 mL CH2Cl2 
solution of AuPPh3Cl ( 0.30 g, 0.61 mmol), 1.5 mol. equiv of AgCF3SO3 (0.23 g, 0.91 
mmol) was added and the mixture was stirred in darkness for 15 min. The solution 
was filtered to remove AgCl and the filtrate was transferred to a 30 mL 
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CH2Cl2/CH3OH solution of H2TPyP (0.094 g, 0.15 mmol). After stirring another 2 h, 
the product was precipitated out by (Et)2O as purple solid. Yield: 0.31 g (74%). 
Crystals were obtained from CH3CN/Et2O. Anal. Calcd for C116H90F12N8O14P4S4Au4 
[3·(OTf)4·(H2O)2]: C, 45.12%; H, 2.94%; N, 3.63%. Found: C, 45.23%; H, 3.10%; N, 
3.77%. 31P{1H} NMR spectrum  (CDCl3/CD3OD, 9:1, 202 MHz): δ 29.93 (s). 1H 
NMR spectrum (CDCl3/CD3OD, 9:1, 500 MHz): δ 9.14 (d, 8H), 8.99 (b, 8H), 8.59 (d, 
8H) and 7.70 – 7.60 (m, 60H). ESI-MS (m/z assignment): 1072.4, [34+- (AuPPh3)+ + 
(OTf)-]2+; 1375.5, [34+ + 2(OTf)-]2+. 
Synthesis of [(AuPPh3)4(ZnTPyP)][OTf]4 (4·(OTf)4) A procedure similar 
to that described for 3 was followed. Yield from 0.10 mg of ZnTPyP and 
stoichiometic amount of AuPPh3Cl: 0.32 g (70%). Anal. Calcd for 
C116H84F12N8O12P4S4Au4Zn [4·(OTf)4]: C, 44.72%; H, 2.72%; N, 3.60%. Found: C, 
44.46%; H, 2.75%; N, 3.77%. 31P{1H} NMR spectrum  (CDCl3/CD3OD, 9:1, 202 
MHz): δ 29.97 (s). 1H NMR spectrum (CDCl3/CD3OD, 9:1, 500 MHz): δ 9.08 (d, 8H), 
8.92 (s, 8H), 8.62 (d, 8H) and 7.69 – 7.60 (m, 60H). ESI-MS (m/z assignment): 888.5, 
[44+ + (OTf)-]3+; 1407.1, [44+ + 2(OTf)-]2+.  
Crystallization of Host-Guest Complexes Crystals of 
(1⊃TCBQ)·(PO2F2)8·2CH3OH and (1⊃DDBQ)·(PO2F2)8 were obtained from slow 
diffusion of diethyl ether into a CH2Cl2/MeOH (9:1, v/v) solution containing 
1·(PO2F2)8 (~ 10-3 M) and excess [1,4]benzquinones. (1⊃TCBQ)·(PO2F2)8·20H2O, 
anal. calcd for C238H210F16N16O41P16Cl4Au8: C, 44.53%; H, 3.18%; N, 3.49%. Found: 
C, 44.03%; H, 2.95%; N, 3.51%. (1⊃DDBQ)·(PO2F2)8·24H2O, anal. calcd fxor 
C240H212F16N18O42P16Cl2Au8: C, 44.54%; H, 3.28%; N, 3.90%. Found: C, 44.05%; H, 
3.38%; N, 4.13%. ESI-MS of the complexes: see text. 
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X-ray Crystallography The diffraction experiments were carried out on a 
Bruker AXS SMART CCD 3-circle diffractometer with a sealed tube at 23 °C using 
graphite-monochromated Mo Kα radiation (λ = 0.71073 Å). The software used was as 
follows: SMART for collecting frames of  data, indexing reflection, and 
determination of lattice parameters, SAINT for integration of intensity of reflections 
and scaling, SADABS for empirical absorption correction, and SHELXTL for space 
group determination, structure solution, and least-squares refinements on |F|2. 
Anisotropic thermal parameters were refined for the rest of the non-hydrogen atoms. 
The hydrogen atoms were placed in their ideal positions. A brief summary of crystal 
data and experimental details are given in the Table A.1 and A.2. 
1·(PO2F2)8·2CH2Cl2·2CH3OH·2H2O: The intensity data were collected from the best 
available crystal. However the data still showed a high R(int) of 0.123 at 2θ (max) = 50° 
and 0.106 at 45°. The refinement was done at 45°. Most of the C atoms were kept 
isotropic and benzene rings were refined as fixed hexagon. Restraints in bond lengths 
and thermal parameters were applied to most of the atoms of the anions and solvent 
molecules. In the asymmetric unit, there are half of cation, one molecule of CH3OH 
and four PF2O2- ions, two molecules of CH2Cl2, and two molecules of H2O with 50% 
occupancy. (1⊃TCBQ)(PO2F2)8·4CH3OH: The crystal was small and not stable. The 
data sets showed high R(int) of 0.109. However, the heavy gold atoms enabled the 
structure of the cation and the included tetrachloroquinone to be solved without 
ambiguity. In the asymmetric unit, with the half of cation and half of TCBQ in place, 
there were only six larger peaks above the background. Two of them were assigned as 
a methanol (C and O) and the remaining four assigned as P atoms of the anions. The 
O and F of the anions could not be located. The phenyl rings were refined as 
hexagons. Bond lengths and geometry of the tetrachloroquinone were constrained to 
 69
those of known values. (1⊃DDBQ)(PO2F2)8: The crystal was small and not stable. 
The data set showed a high R(int) of 0.158 at 2θ (max) = 45°. However, the heavy gold 
atoms enable the structure of the cation to be solved without ambiguity. The guest 
molecule is disordered over two positions with 50% occupancy. Atomic positions of 
the DDBQ were fixed with reference to the Cl atoms. For the PO2F2 anions, only the 
positions of the P atoms could be established. In the asymmetric unit, there were eight 
peaks ascribed to the P atoms and all detected with half occupancy. Because of the 
weak intensity of the data set, the positions and thermal parameters of the lighter 
atoms did not behave well during least-square refinement. Only three P atoms could 
be fitted with the F and O atoms. 3·(OTf)4·Et2O: The asymmetric unit consists of half 
of the cation and a total of two OTf- anions (one with 100% occupancy and the other 










Iron porphyrins play important roles in nature, such as in the function of heme 
groups in haemoglobin and myoglobin137, and in the catalytic activity of cytochrome 
P-450 amongst others. A number of cytochrome P-450 mimics138 and iron porphyrin 
based models for photosynthetic electron transfer139,140 have been reported. Recently, 
the cofacial bis(iron porphyrin) systems have drawn considerable interest because of 
their superior oxidation properties via the formation of diiron(III) 
μ-oxobisporphyrins.141-143 The μ-oxo dimerization and axial ligation equilibrium of 
cofacial biiron(III) porphyrins is particularly important to enhance oxidation results.  
As described in chapter 2, two cofacial bisporphyrin boxes 
[Au8(μ-PAnP)4(H2TPyP)2](PO2F2)8 ((1·(PO2F2)8) and [Au8(μ-PAnP)4(ZnTPyP)2] 
(OTf)8 (2·(OTf)8) have been synthesized and displayed rich binding properties with a 
series of aromatic quinones. Followed the same synthetic method, two cofacial 
biiron(III) porphyrin boxes [Au8(μ-PAnP)4(FeTPyP)2(H2O)4](OTf)10 ((5·(OTf)10) and 
[Au8(μ-PAnP)4(FeTPyP)2O](OTf)8 (6·(OTf)8) are prepared and studied in this chapter. 
Different from complexes 1·(PO2F2)8 and 2·(OTf)8, the biiron(III) boxes 5·(OTf)10 and 
6·(OTf)8 cannot bind with the aromatic quinones. However, the two biiron(III) boxes 
display an equilibrium under addition of DABCO and HOTf, leading to a switch 
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between the axial H2O coordinated 5·(OTf)10 and μ-oxo 6·(OTf)8 (Scheme 3.1). The 
equilibrium was studied by NMR spectra and UV-VIS absorption spectroscope. 
Monomeric analogs [Au4(PPh3)4(FeTPyP)(H2O)2] (OTf)5 (7·(OTf)5) and 





3.2 Results and Discussion 
 
3.2.1 Synthesis 
According to Chapter 2 Scheme 2.1, 5·(OTf)10 and 6·(OTf)8 were synthesized 
by reacting [Au2(μ-PAnP)](OTf)2 with (FeTPyP)(H2O)2(OTf) and (FeTPyP)2O, 
respectively. Complex [Au2(μ-PAnP)](OTf)2 was prepared as described in chapter 2. 
Ligand (FeTPyP)(H2O)2(OTf) was crystallized by diffusion of Et2O in to the CH3CN 
solution of (FeTPyP)(H2O)2(Ac) with 1.5 equivalents of HOTf. (FeTPyP)(H2O)2(Ac) 
and (FeTPyP)2O were prepared according to the reported method144,145. Box 5·(OTf)10 
are the sole products of the reactions and stable at > 5 × 10-5 M. The crystals of 
5·(OTf)10·2H2O were obtained and analysed by X-ray crystallography. On the other 
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hand, good quality crystals of 6·(OTf)8 have not been obtained , and the structure of 
complex was established by comparing its spectral data with those of 5·(OTf)10. The 
monomeric analogs of the boxes, [Au4(PPh3)4(FeTPyP)(H2O)2] (OTf)5 (7·(OTf)5) and 
[Au8(PPh3)8(FeTPyP)2O](OTf)8 (8·(OTf)8), were prepared by reacting Au(PPh3)(OTf) 




3.2.2.1 X-ray Crystal Structures  
Complexes 5·(OTf)10 and 8·(OTf)8 were characterized by single crystal X-ray 
diffraction. The crystal data and structures refinement details are given in Appendix A 
(Tables A.3). 
Crystals of 5·(OTf)10·(H2O)2 were obtained from slow diffusion of hexane into 
a CH2Cl2/CH3OH (9:1, v/v) solution of the compound. As shown in Figure 3.1a, 3.1b, 
the complex is composed by two iron(III) porphyrin rings and four [Au2(μ-PAnP)]2+ 
clips. The selected bond lengths and angles were listed in Table 3.1a, 3.1b. From the 
top view of box 510+ (Figure 3.1b), the upper porphyrin ring does not completely 
overlay on top of the lower one. The upper one slightly slipped along the x- and 
y-axes of the lower porphyrin ring by 0.576 and 0.547 Å, respectively. Box 5+ has a 
Ci-symmetry, the inversion centre is located midway between the centers of the two 
porphyrin rings. 
The clips adopt a syn-conformation with their Au(I) ions all pointing toward 
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the center of the box. Each Au(I) ion is linearly coordinated (P(1)-Au(1)-N(1) angle = 
176.3(3)°) to one P atom of PAnP and one N atom of the pyridyl ring. The Au-N and 
Au-P distances are typical. The dihedral angles between pyridyl rings and the mean 
plane of the porphyrin are 73.8°, 71.1°, 70.2°, and 74.7°. Same as box 18+ synthesized 
in chapter 2, box 510+ is also slightly convex because of the outward budging of the 
two porphyrin rings. The two Au-P bonds in a clip subtend an angle of 18.6° and the 
distance between two adjacent Au(I) ions  (Au(1) – Au(2)) is 7.110(1) Å. Similar to 
free box 18+ , the two lateral rings of PAnP is bent away from the Au ions with the 
dihedral angle of 20.0°.  
The porphyrin rings are nearly planar and the maximum deviation from the 
mean porphyrin plane is 0.11 Å. Fe(III) ion is located within the porphyrin mean 
plane with the deviation of 0.04 Å. Beside the 4 nitrogen atoms from porphyrin ring, 
the Fe(III) is coordinated by another 2 oxygen atoms from H2O molecules on each 
side of porphyrin ring. As shown in Figure 3.1a, there are two H2O molecules and two 
OTf anions located inside the cavity of box 510+. The distances between two nearest 
oxygen atoms from H2O molecules and OTf anions are 2.815(14) Å and 2.704(15) Å, 
which indicate that hydrogen bonding exists between the H2O molecules and OTf 
anions. The distance between two porphyrin rings is 8.579(3) Å and significantly 
shorter than that in box 18+ (9.200(1) Å). The two cofacial porphyrin rings are driven 
closer by a six-oxygen-two-sulfur ring. The diagonal distance (P(1)-P(1a)) is 24.781(1) 
Å. No solvent molecule is found inside the cavity. Two neighboring anthracenyl rings 
are almost perpendicular to each other (dihedral angle = 85.3°) that creates openings 
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of 13.700(1) Å and 14.073(1) Å measured by the shortest distances between the C 





Figure 3.1. (a) Side and (b) top views of the X-ray crystal structure of 
[5·(OTf)2]8+ ion. The two [OTf]- anions located inside the cavity are shown, 
the other anions and solvents are omitted for clarity. Color scheme: yellow 
(Au), green (Fe), blue (C), pale blue (N), purple (P), red (O), pale yellow (S), 
 75
pale green (F). 
 




P(1) – P (2) 6.394(2) Intranuclear P – P 
distances (Å) P(3) – P (4a) 6.364(2) 
8.023(4) to 11.735(7) 
Au(1) – Au (3a) 7.110(1) Intranuclear Au – Au 
distances (Å) Au(2) – Au (4a) 7.004(2) 
7.372(3) to 9.469(5) 
Npy(1)– Npy (3a) 7.714(2) Intranuclear Npy – Npy 
distances (Å) Npy(2)– Npy (4a) 7.560(2) 
6.503(3) to 7.695(4) 
P(1) – P(1a) 24.781(1)
P(2) – P(2a) 24.307(1)
P(3) – P(3a) 24.504(1)
diagonal P-P distances 
(Å) 





CAn – P – Au (deg) 
C(65)-P(4)-Au(4) 108.9(9) 
N.A. 
P(1)-Au(1)-N(1) 176.3(3) P(1)-Au(1)-N(1) 175.6(7) 
P(2)-Au(2)-N(2) 179.6(3) P(2)-Au(2)-N(2) 174.8(6) 
P(3)-Au(3)-N(3) 179.2(3) P(3)-Au(3)-N(3) 178.9(7) 
P – Au – Npy (deg) 
P(4)-Au(4)-N(4) 178.7(3) P(4)-Au(4)-N(4) 178.4(7) 
Au(1)-N(1)-C(3) 178.1(5) Au(1)-N(1)-C(3) 175.9(8) 
Au(2)-N(2)-C(8) 176.1(5) Au(2)-N(2)-C(8) 168.9(7) 
Au(3)-N(3)-C(13) 177.8(6) Au(3)-N(3)-C(13) 175.4(8) 
Au – Npy – Cpy  (deg) 
Au(4)-N(4)-C(18) 178.9(7) Au(4)-N(4)-C(18) 172.4(9) 
deviation of β-pyrrole 
atoms from the 
porphyrin mean plane 
(Å) 
+0.112 to -0.062 
+0.009 to -0.186 
& 
+0.081 to -0.09 
distances between 
pyridyl nitrogen atoms 
and the porphyrin 
mean plane (Å) 
0.583, 0.297,0.442, 0.607 
-0.353, -0.231, -0.007, 0.156 
& 
-0.225, -0.372, -0.249, -0.668 
intraplanar distance 
between the two 
porphyrin mean planes 
(Å) 
8.579(3) 5.133(3) 
dihedral angle of two 
neighboring 









Figure 3.2. Crystal packing diagram of 5·(OTf)10·(H2O)2 ion along (a) the 
a-axis and (b) the c-axis. All the proton atoms are omitted for clarity. For 
diagram 3.2a, the sulfur atoms are represented as the [OTf]- anions; for 
diagram 3.2b, the phenyl rings of the PPh2 group are hided for clarity. Color 
scheme: yellow (Au), green (Fe), blue (C), pale blue (N), purple (P), red (O), 
orange (S), pale green (F). 
 
As shown in Figure 3.2a, the stacking of the layers creates rectangular 
channel along a-axis. The channel is fenced by porphyrin rings, anthracenyl 
and phenyl rings and Au(I) ions. The dimension of the channel is about 17.47 
Å × 7.84 Å. Neither water molecules nor anions are found within the channel. 
The OTf anions and H2O molecules are located around the [Au2(μ-PAnP)]2+ 
clips. The packing of crystal 5·(OTf)10·(H2O)2 on the ab plane is shown in 
Figure 3.2b. The molecular boxes are stacked along the c-axis and form 
channels within the boxes. These channels are occupied by four OTf anions. 
The other six anions and two H2O molecules are distributed around the edge 
of 510+. Some of the OTf anions are quite near the Au(I) ions, probably due to 
Coulombic attraction as the shortest Au-O distance, which is 3.212(7) Å, is 
too long for covalent bonding. 
Single crystal of 8·(OTf)8·CH3CN suitable for X-ray investigation was 
obtained by diffusion of ether into a CH3CN solution of the compound  
8·(OTf)8. The selected bond lengths and angles are listed in Table 3.1. As 
shown in Figure 3.3, the 88+ ion is comprised by eight [AuPPh3]+ cations 







Figure 3.3 (a) Side and (b) top views of the X-ray crystal structure of 88+ ion. 
The anions and solvents are omitted for clarity. Color scheme: yellow (Au), 





The top view of 88+ shows that the upper porphyrin ring twists from the lower 
porphyrin ring by (N – Fe – Fe – N dihedral angle) 46.74°. The two porphyrin rings 
are not paralleled and the dihedral angle is 1.5°. The average separation between the 
two porphyrin mean planes is 5.133(3) Å. The two porphyrin rings have a nearly 
planar conformation with the maximum deviations of the skeletal atoms from the 
24-atom core mean plane of 0.186 Å and 0.100 Å, respectively. The two Fe(III) ions 
are pulled out of the mean porphyrin plane and connected by one oxygen atom. The 
deviations of Fe(III) ions from porphyrin mean planes are 0.587 Å and 0.459 Å, 
respectively. The Fe – O – Fe angle (175.2°) and the Fe – N bong lengths (1.761(2) Å) 
in structure of 88+ ion are normal for any Fe(III) μ-oxoporphyrin dimers 
All the Au(I) ions adopt common linear coordination (N(1)-Au(1)-P(1) = 
175.6 °) and the Au – N bond length (2.08 Å) is within the normal range. In one 
crystallographically unit cell, there are two molecules of 8·(OTf)8·CH3CN related by a 
center of inversion. As shown in Figure 3.4, two AuPPh3 ligands from the upper unit 
crossed on top of the other two ligands from the lower unit at the crossing point of 
Au(I). The intermolecular Au – Au distance is 3.374(2) Å and indicates that exists and 









Figure 3.4 (a) Side and (b) top views of the crystallographically unit cell of 
88+ ion. The anions and solvents are omitted for clarity. Color scheme: yellow 
(Au), green (Fe), blue (C), pale blue (N), purple (P), red (O). 
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3.2.2.2 Computational Methodology 
To confirm the structure of the proposed twisted up box structure of 68+, 
density functional theory (DFT) were employed to model the electronic ground state 
structure of 68+. The two Fe(III) porphyrin rings are held in a cofacial conformation 
by one oxygen atom and four [Au2(μ-PAnP)]2+ clips (Figure 3.5a, 3.5b). The 
[Au2(μ-PAnP)]2+ clips are slanted with respect to the central axis of 68+ in same 
direction about 24.2°. The distance between two adjacent Au(I) ion is 6.372 Å, which 
is similar to that in the inclusion complex 1⊃DDBQ·(PO2F2)8 (6.447 Å). The 
anthracenyl backbone of PAnP is bent away from the Au ions, showing a dihedral 
angle of 18.0° between its two lateral rings. 
The two porphyrin rings in box 68+ are staggered by (N – Fe – Fe – N dihedral 
angle) 19.88° smaller than that in complex 88+ (46.74°). The decreased stagger angle 
provides the appropriate distances of two adjacent N atom (5.955 Å) for the 
coordination of [Au2(μ-PAnP)]2+ clip. The two porphyrin rings are not paralleled with 
the subtended angle of 3.58°. The average separation between the two porphyrin 
mean planes is 4.291 Å, which is significantly shorter than that in the box [5·(OTf)2]8+ 
(8.579 Å). This shows the unique ability of Fe(III) box to “open” and “close” its 
binding pocket with the vertical flexibility of 4.3 Å. The two porphyrin rings have a 
nearly planar conformation with the maximum deviations of the skeletal atoms from 
the 24-atom core mean plane of 0.169 Å. The two Fe(III) ions are pulled out of the 
mean porphyrin plane and connected by one oxygen atom. The deviations of Fe(III) 
ions from porphyrin mean plane are 0.428 Å. The small bent Fe – O – Fe angle of 
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Figure 3.5. (a) Side and (b) top views of the molecular modeling structure of 
68+ ion. Color scheme: yellow (Au), green (Fe), blue (C), pale blue (N), 
purple (P), red (O). 
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3.2.2.3 Solution Structures 
The ESI-MS and NMR results indicate that 510+ retains its macrocyclic 
structure in solution. The ESI-MS spectrum of 5·(OTf)10 (Appendix B, Figure B.9) 
measured in CH2Cl2 displays peaks that correspond to the quadruple charged ion [510+ 
- 4(H2O) + 6(OTf)-]4+ (m/z 1500.0, calcd. 1500.5). Similarly, the ESI-MS spectrum of 
6·(OTf)8 shows the peaks for the molecular ions [68+ + 4(OTf)-]4+ (m/z 1429.4, calcd. 
1429.1), and [68+ + 5(OTf)-]3+ (m/z 1955.3, calcd. 1955.5) (Figure B.10). The 
assignments of the peaks are further supported by simulated isotopic distributions. 
The ESI-MS spectra of 7·(OTf)5 and 8·(OTf)8 are shown in Figure B.11 and B.12. 
Because of the paramagnetic Fe(III) ions, the NMR signals, especially those of 
the porphyrin rings, are broad and unresolved. The signals assignment was based on 
the reported values146-148. Figure 3.6 shows the 1H NMR spectrum of 5·(OTf)10. As 
shown in X-ray crystal structure of [5·(OTf)2]8+(Figure 3.1a), the meso-pyridyl rings 
are not completely perpendicular to the porphyrin plane. Therefore, the spin transfer 
from the Fe(III) ions to the pyridyl ring occurrs through the methane carbon. Since the 
β pyridyl proton (Hβ) is closer to methane carbon than the α pyridyl proton (Hα), the 
signal of Hβ is broadened and shifts to the lower field (at δ 13.17) than Hα. The Hα 
shows two signals same as the in 1·(PO2F2)8 and 2·(OTf)8 reported in chapter 2. The 
two signals correspond to the pyridyl protons Hαx and Hαe. Due to the bending of 
pyridyl rings (Figure 3.1a), Hαe is closer than Hαx to the rim of the porphyrin ring and 
downshifts to the lower field at δ 10.35. On the contrary, the spectrum of 7·(OTf)5 
shows one signal for the α pyridyl protons (Figure C.25a). This indicates the box 
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structure of 5·(OTf)10 is maintained in solution. The pyrrole protons are downshifted 
in very far field (at δ 64.91 for 5·(OTf)10 and at δ 63.85 for 7·(OTf)5), indicating the 
direct transfer of Fe(III) ions’ spin density into a σ molecular orbital of the pyrrole 
moiety. This σ spin transfer could accompany the strong σ donation of the nitrogen 




Figure 3.6. 1H NMR (500MHz) spectrum of 5·(OTf)10 in CDCl3/CD3OD 
(v:v, 9:1). The concentration of the solution is 3.20 × 10-4 mol L-1. 
 
The two ends of anthracenyl rings are not equivalent in X-ray crystal structure 
of [5·(OTf)2]8+ (Figure 3.1b). However, the 1H NMR spectrum of 5·(OTf)10 at room 
temperature only shows two sets of signals which correspond to the anthracenyl 
protons H1,4,5,8 and H2,3,7,6. The signal of H2,3,7,6 is overlapped with HPh detected by 
relative areas’ integration. In the 31P{1H} NMR spectrum of 5·(OTf)10, only one 
Hβe  Hαx    
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singlet at δ 22.29 is detected, indicating that the P atoms are equivalent in solution. 
The signals of anthracenyl protons and P atoms are broadened at low temperature 
(Figure 3.7a, 3.7b), suggesting 5·(OTf)10 undergoes the similar dynamic process to 
1·(PO2F2)8 and 2·(OTf)8 proposed in chapter 2 (scheme 2.3). 
 
 
Figure 3.7a. Variable temperature 1H NMR (300 MHz) spectra of 5·(OTf)10 
in CDCl3/CD3OD (v:v, 9:1). 
 
 
Figure 3.7b. Variable temperature 31P{H} NMR (121 MHz) spectra of 





Figure 3.7c. Variable temperature 19F NMR (282 MHz) spectra of 5·(OTf)10 
in CDCl3/CD3OD (v:v, 9:1). 
 
The X-ray crystal structure of [5·(OTf)2]8+ shows that there are two OTf anions 
hydrogen bonded with H2O molecules and located inside the box, while the other 
eight [OTf]- anions are distributed outside the box(Figure 3.1a). However, the 19F 
NMR spectrum of 5·(OTf)10 shows a broad singlet at δ 0.45 ppm (in CD3Cl/CD3OD, 
v/v 9:1) which is close to the signal of “free” OTf ions of NaOTf (δ -3.92, s, in 
CD3OD). The signal becomes very broad but remains unresolved at 243K (Figure 
3.7c). It suggests the OTf ions inside and outside the box are exchanging very fast in 
solution.  
The 1H NMR spectrum of 6·(OTf)8 is shown in Figure 3.8. As a result of the 
antiferromagnetic exchange coupling between the two S = 5/2 Fe(III) ions, a manifold 
of six spin states results with spin S = 0, 1, 2,…, 5. Of these the ground state is 
diamagnetic (S = 0), and the isotropic shifts are then a consequence of the thermal 
population of the paramagnetic excited states. The isotropic shifts are expected to be 
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considerably smaller for the Fe(III) dimer than for the monomer. Line widths should 
also be smaller for the dimer, but considerable line broadening is anticipated due to a 
longer T1e value for high-spin Fe(III) compared with low-spin Fe(III). Besides, as 
shown in crystal structure of 8·(OTf)8 (Figure 3.3) and the molecular modeling structure 
of 6·(OTf)8 (Figure 3.5), the upper porphyrin ring twists from the lower porphyrin ring 
by 46.74° and 19.88°, respectively. Therefore, the two porphyrin rings are 
nonequivalent and result in the line broadening of 1H NMR spectrum of 6·(OTf)8 and 
8·(OTf)8. The signals’ assignment was based on the reported values148,151 and the 
relative areas’ integration.  
 
Figure 3.8. 1H NMR (500MHz) spectrum of 6·(OTf)8 in CDCl3/CD3OD (v:v, 
9:1). The concentration of the solution is 3.20 × 10-4 mol L-1. 
 
The crystal structure of 8·(OTf)8 and molecular modeling structure of 6·(OTf)8 
show that the Fe(III) ion is displaced about 0.45 Å from the porphyrin plane and 
pyridyl groups lie approximately perpendicular to the tetrapyrrole plane. These 
structural features result in nonequilvalent pyridyl protons on opposite sides of the 
Hβe Hαx   
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tetrapyrrole plane. Splitting of α pyridyl protons is detected at δ 8.85 (Hαe) and δ 8.75 
(Hαx) for 6·(OTf)8 and at δ 9.61 (Hαe) and δ 8.86 (Hαx) for 8·(OTf)8. However, the 
degree of splitting of 6·(OTf)8 (50 MHz) is smaller than that of (225 MHz) of 
8·(OTf)8. This observation confirms structural differences between the two complexes, 
the staggered angles between two porphyrin rings. The smaller staggered angle of 
6·(OTf)8 brings Hαe closer to the shielding region created by the adjacent pyridyl ring. 
Therefore, Hαe is upfield shifted and closer to Hαx in 6·(OTf)8. Due to the σ-spin 
delocalization from Fe(III), the pyrrole proton is downfield shifted to δ 13.81. The 
β-pyridyl (Hβ) and anthracenyl (Han) proton resonances can not be well identified in 
the 1H NMR spectrum. The relative areas’ integration suggests that Hβ and Han could 
overlap with phenyl rings (Hph) at δ 8.5 to δ 7.5.  
As shown in the molecular modeling structure of 6·(OTf)8, the 
[Au2(μ-PAnP)]2+ clips are slanted with respect to the central axis of 68+ about 24.2°. 
Therefore, the two ends of anthracenyl rings are no longer equivalent. The slanted 
direction of [Au2(μ-PAnP)]2+ clips may undergo middle range of exchange rate. 
Therefore, the Han resonances become broadened and can not be well resolved. The 
31P{1H} NMR spectrum of 6·(OTf)8 shows a singlet at δ 24.29, indicating that the P 
atoms are equivalent in the solution structure. Compared with the 31P signals of 
5·(OTf)10 (δ 22.29), the downfield shifted 31P resonance of 6·(OTf)8 suggests that the 
P atoms in 6·(OTf)8 are closer to anthracenyl rings which reduce the shielding of P 
atoms. The 19F NMR spectrum of 6·(OTf)8 shows a sharp singlet at δ -2.34, indicating 
that the F atoms are equivalent in the solution structure. 
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2.2.2.4 Absorption Spectroscopy 
The electronic absorption spectra of 5·(OTF)10, 6·(OTf)8, 7·(OTf)5 and 
8·(OTf)8 are shown in Figure 3.9. While the boxes contain two kinds of chromophores: 
the porphyrin and the anthracenyl rings, their UV-vis absorption spectra are 
dominated by the Soret (ε >105 M-1cm-1) and Q bands of the poprhyrin rings in the 
boxes, which are far more intense than the π → π * transitions (λmax ~ 450 nm, ε ~ 
104 M-1cm-1) of the anthracenyl rings. Table 3.2 shows that the absorption bands of 
the H2O coordinated Fe(III) porphyrin complexes (5·(OTf)10 and 7·(OTf)5) are 
different from those of the μ-oxo bis(Fe(III)porphyrin) complexes (6·(OTf)8 and 
8·(OTf)8). The lowest excited states, which are responsible for the absorption spectra 
of iron (III) porphyrins, are referred as a configuration-interaction admixture of the 
lowest triplet and singlet (π, π*) excited states of porphyrin and the “porphyrin to 
metal” charge-transfer (CT) excited states.152 For the H2O coordinated Fe(III) 
porphyrin complexes, the “porphyrin to Fe(III)” change-transfer excited states mix 
with the lowest triplet (π, π*) excited states and give rise to a blue shift of the excited 
state which is assigned to the Q (π, π*) state. This results in a characteristic spectrum 
of high-spin Fe(III) porphyrins. On the other hand, for the μ-oxo bis(Fe(III)porphyrin) 
complexes, the charge-transfer excited states do not mix sufficiently with the triplet (π, 
π*) excited states, the μ-oxo bis(Fe(III)porphyrin) complexes thus exhibit a spectrum 
different from the typical spectrum of high-spin Fe(III) porphyrins.153  
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Figure 3.9. UV-vis absorption spectra of 5·(OTf)10 (black), 6·(OTf)8 (blue), 
7·(OTf)5 (red) and 8·(OTf)8 (green) in CHCl3/CH3OH(9:1, v/v) at room 
temperature. The broken lines are the magnified Q bands (×10).  
 
Table 3.2. UV-vis absorption spectroscopic data and Emission data 











5·(OTf)10 396 (2.96) 640 (0.62) 
273 (2.64) 
568 (1.94) 
6·(OTf)8 412 (2.36) 604 (0.43) 
272 (2.56) 
520 (1.42) 
7·(OTf)5 401 (1.53) 639 (0.39) 
N/A 
568 (2.36) 
8·(OTf)8 410 (2.20) 605 (0.78) 
N/A 
apeaks in nm; shown in parentheses are the extinction coefficients (105 mol-1 
dm3 cm-1).bpeaks in nm; shown in parentheses are the extinction coefficients 
(104 mol-1 dm3 cm-1). 
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3.2.3 Reversible Conversion of Fe(III) Porphyrin Boxes 
 
3.2.3.1 NMR Titrations 
The NMR spectra of 5·(OTf)10 titrated with DABCO and HOTf are illustrated 
in Figure 3.10. In the 1H NMR spectrum, after addition of DABCO, the intensities of 
the signals belong to 5·(OTf)10 decreased. A new set of signals belong to 6·(OTf)8 
were detected, whose intensities increased with increased concentration of DABCO. 
At 1:1.5 ratio of [5·(OTf)10]:[DABCO], all the signals belong to 5·(OTf)10 disappeared, 
which indicated 5·(OTf)10 completely converted to 6·(OTf)8. After addition of HOTf, 
the intensities of the signals belong to 6·(OTf)8 decreased, while the intensities of the 
signals belonging to 5·(OTf)10 increased. At 1:1.5:2 ratio of 
[5·(OTf)10]:[ DABCO]:[HOTf], all the signals belonging to 6·(OTf)8 disappeared, 
which indicated 6·(OTf)8 completely converted to 5·(OTf)10. The 31P{1H} NMR 
titration spectrum of 5·(OTf)10 with DABCO and HOTf more clearly demonstrated 
this reversible conversion between 5·(OTf)10 and 6·(OTf)8 as described in Scheme 3.1. 
Subsequent cycles of exposing 5·(OTf)10 to DABCO and HOTf showed that the 








Figure 3.10. (a) 1H NMR (500 MHz) and (b) 31P{1H} NMR (202 MHz) 







Figure 3.11. (a) 1H NMR (500 MHz) and (b) 31P{1H} NMR (202 MHz) 
spectral change of the subsequent cycles of 5·(OTf)10 upon addition of 
DABCO and HOTf. 
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3.2.3.2 UV-Vis Titrations 
Figure 3.12 shows the spectral changes of 5·(OTf)10 upon addition of DABCO. 
The ratio of [DABCO] : [5·(OTf)10] varies from 0.10 to 0.99. It is shown that the Q 
band absorbance of 5·(OTf)10 at 522 nm and 640 nm decreased as the ratio of 
[DABCO] : [5·(OTf)10] increased from 0 to 0.89, while the Q band absorbance of 
6·(OTf)8 at 568 nm and 604 nm increased. On the other hand, the Q band absorbance 
of 6·(OTf)8 decreased as the ratio of [HOTf] : [5·(OTf)10] increased from 0 to 1.98, 
while the Q band absorbance of 5·(OTf)10 increased (Fiuger 2.13). Isosbestic points 
were maintained at 495 nm, 548 nm and 620 nm. The UV-Vis titrations confirm the 
reversible conversion of 5·(OTf)10 and 6·(OTf)8 detected by NMR titrations. Three 
cycles of reversible conversion of 5·(OTf)10 and 6·(OTf)8 are shown in Figure 3.14. 


















Figure 3.12. Spectral changes of 5·(OTf)10 upon addition of DABCO. 
[5·(OTf)10] = 4.5 × 10-5 M, [DABCO] / [5·(OTf)10] = 0, 0.10, 0.20, 0.38, 0.48, 
0.57, 0.78 and 0.89 
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Figure 3.13. Spectral changes of 6·(OTf)8 upon addition of HOTf. [6·(OTf)8] 
= 4.5 × 10-5 M, [HOTf] / [6·(OTf)8] = 0, 0.10, 0.20, 0.34, 0.52, 0.70, 0.93, 
1.22, 1.56 and 1.98. 
 


















Figure 3.14. Three cycles of 6·(OTf)8 and 5·(OTf)10 conversion. The initial 





In this chapter, two Fe(III) bisporphyrin boxes 5·(OTf)10 and 6·(OTf)8 were 
synthesized by the self-assembly of the di-gold(I) clip Au2(μ-PAnP)(OTf)2 with 
tetrapyridylporphinatoiron(III) and μ-Oxo-bis(tetrapyridylporphinatoiron(III)), 
respectively. The solid crystal structure of 5·(OTf)10 shows that the cavity of 5·(OTf)10 
is occupied by two H2O molecules and two OTf anions. Therefore, 5·(OTf)10 do not 
have the binding properties as described in chapter 2. The molecular modeling 
structure of 6·(OTf)8 suggests that the average separation between the two porphyrin 
mean planes (4.291 Å) is significantly shorter than that in 6·(OTf)8 (8.579 Å). This 
shows the unique ability of Fe(III) box to “open” and “close” its binding pocket with 
the vertical flexibility of 4.3 Å. NMR and UV-Vis titrations of 5·(OTf)10 and 6·(OTf)8 
with DABCO and HOTf demonstrates the reversible conversion between 5·(OTf)10 
and 6·(OTf)8. This reversible conversion is reproducible and can undergo at least three 
cycles.   
 
3.4 Experimental Section 
 
3.4.1 General Method  
Otherwise mentioned in the text all the syntheses were carried out in N2 
atmosphere with standard Schlenck techniques. Au2(μ-PAnP)Cl2154, 
tetrapyridylporphinatoiron(III)144 and μ-Oxo-bis(tetrapyridylporphinatoiron(III))153 
were synthesized according to the reported method. Silver triflate, triphenylphosphine,  
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iron(II) acetate anhydrous, 5, 10, 15, 20-tetra(4-pyridyl)porphyrin, 
1,4-diazabicyclo[2,2,2]octane and trifluoromethanesulfonic acid were purchased from 
Sigam-Aldrich and used without being purified. All the solvents used were purified 
according to the literature procedures. 
 
3.4.2 Physical Measurements 
Physical Methods     UV-vis absorption absorption was recorded on a 
Hewlett-Packard HP8452A diode array spectrophotometer. The averaged optical path 
length is 1 cm. 1H and 31P{1H} NMR spectra were recorded on a Bruker ACF 500 
spectrometer. Elemental analyses were carried out in the department of chemistry, 
National University of Singapore. Electrospray ionization mass spectra (ESI-MS) 
were measured on a Finnigan MAT 731 LCQ spectrometer.  
 
X-ray Crystallography     The diffraction experiments were carried out on 
a Bruker AXS SMART CCD 3-circle diffractometer with a sealed tube at 23 °C using 
graphite-monochrmated Mo Kα radiation (λ = 0.71073 Å). The software used was as 
follows: SMART for collecting frames of  data, indexing reflection, and 
determination of lattice parameters, SAINT for integration of intensity of reflections 
and scaling, SADABS for empirical absorption correction, and SHELXTL for space 
group determination, structure solution, and least-squares refinements on |F|2. 
Anisotropic thermal parameters were refined for the rest of the non-hydrogen atoms. 
The hydrogen atoms were placed in their ideal positions. A brief summary of crystal 
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data and experimental details are given in the Talbe A.1-3. 
 
Computational Methodology Density functional theory (DFT) calculations 
were employed to model the electronic ground state structure of 6·(OTf)8. Since 
similar μ-oxo complexes are believed to have singlet ground states, the ground state 
structure of the closed cage molecule was optimized as singlet spin state without 
symmetry constrains. The calculations were performed using the Becke’s 
three-parameter hybrid functional155 with the Lee-Yang-Parr correlation functional156 
(B3LYP). The effective core potentials and associated basis sets of Hay and Wadt 
(LANL2DZ) were used for Fe and Au atoms.157,158 The 6-31G basis set was used for 
C, H, N, O, and P atoms.159,160 Tight self-consistent field (SCF) convergence (10−8 au) 
was used for the calculations. Although frequency calculation on the optimized 
geometry was hampered by the limitation of the computational power (the 
calculations involved 2885 basis functions and 1968 electrons, which were too large 
to be handled by our computers), the forces on the system were essentially zero and 
thus the optimized geometry was confirmed to be a stationary point. The DFT 






Synthesis of [Au8(μ-PAnP)4(FeTPyP)2(H2O)4](OTf)10 (5·(OTf)10 ) To a 30 
mL CH2Cl2 solution of Au2(μ-PAnP)Cl2 (0.3 g, 0.30 mmol), three mol. equiv of 
AgCF3SO3 (0.23 g, 0.89 mmol) was added and the mixture was stirred in darkness for 
3 h. The solution was filtered to remove AgCl and the filtrate, a yellow solution, was 
transferred to a 50 mL CH2Cl2 /CH3OH solution of (FeTPyP)(H2O)2(OTf) (0.13 g, 
0.15 mmol). After stirring another 2 h, the product was precipitated out by (Et)2O as 
brown solid. Yield: 0.40 g (80%). Crystals were obtained from CH2Cl2/CH3OH/Et2O. 
Anal. Calcd for C242H168F30N16O34S10P8Au8Fe2 [5·(OTf)10·(H2O)4]: C, 43.58%; H, 
2.54%; N, 3.36%. Found: C, 43.14%; H, 2.76%, N, 3.18%. 31P{1H} NMR spectrum  
(CDCl3/CD3OD, 9:1, 202 MHz): δ 22.29 (s). 1H NMR spectrum (CDCl3/CD3OD, 9:1, 
500 MHz): δ 64.98 (br, Hpy), 13.16 (br, Hβ), 10.33 (br, Hαx), 9.82 (br, Hαe), 9.18 (s, 
H1,4,5,8), 8.46 (s, HPh) and 7.42 (s, HPh, 2,3,6,7). ESI-MS (m/z assignment): 1500.0, [510+ - 
4(H2O) + 6(OTf)-]4+. 
Synthesis of [Au8(μ-PAnP)4(FeTPyP)2O](OTf)8 (6·(OTf)8 ) To a 30 mL 
CH2Cl2 solution of Au2(μ-PAnP)Cl2 (0.3 g, 0.30 mmol), three mol. equiv of 
AgCF3SO3 (0.23 g, 0.89 mmol) was added and the mixture was stirred in darkness for 
3 h. The solution was filtered to remove AgCl and the filtrate, a yellow solution, was 
transferred to a 50 mL CH2Cl2 /CH3OH solution of (FeTPyP)2O (0.10 g, 0.075 mmol). 
After stirring another 2 h, the product was precipitated out by (Et)2O as dark green 
solid. Yield: 0.37 g (79%). Crystals were obtained from CH2Cl2/CH3OH/Et2O. Anal. 
Calcd for C240H158F24N16O25S8P8Au8Fe2 [6·(OTf)8]: C, 45.66%; H, 2.52%; N, 3.55%. 
Found: C, 45.64%; H, 2.73%, N, 3.47%. 31P{1H} NMR spectrum  (CDCl3/CD3OD, 
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9:1, 202 MHz): δ 24.29 (s). 1H NMR spectrum (CDCl3/CD3OD, 9:1, 500 MHz): δ 
13.80 (s, Hpy), 8.85 (s, Hαx), 8.78 (s, Hαe), 7.92 (s, HPh) and 7.65 (s, HPh). ESI-MS (m/z 
assignment): 1429.4, [68+ + 4(OTf)-]4+; 1955.3, [68+ + 5(OTf)-]3+.  
Synthesis of [Au4(PPh3)4(FeTPyP)(H2O)2](OTf)5 (7·(OTf)5) To a 30 mL 
CH2Cl2 solution of AuPPh3Cl ( 0.30 g, 0.61 mmol), 1.5 mol. equiv of AgCF3SO3 
(0.23 g, 0.91 mmol) was added and the mixture was stirred in darkness for 15 min. 
The solution was filtered to remove AgCl and the filtrate was transferred to a 30 mL 
CH2Cl2/CH3OH solution of (FeTPyP)(H2O)2(OTf) (0.13 g, 0.15 mmol). After stirring 
another 2 h, the product was precipitated out by (Et)2O as brown solid. Yield: 0.36 g 
(74%). Crystals were obtained from CH3CN/Et2O. Anal. Calcd for 
C117H88F15N8O17P4S5Au4Fe [7·(OTf)5]: C, 42.70%; H, 2.70%; N, 3.40%. Found: C, 
42.33%; H, 2.83%; N, 3.60%. 31P{1H} NMR spectrum  (CDCl3/CD3OD, 9:1, 202 
MHz): δ 31.03 (s). 1H NMR spectrum (CDCl3/CD3OD, 9:1, 500 MHz): δ 63.85 (br, 
Hpy), 14.00 (br, Hβ), 10.96 (s, Hα), 8.21 (s, HPh) and 7.92 (s, HPh). ESI-MS (m/z 
assignment): 500.0, [7 – 2(H2O)]5+; 944.1, [75+  - 2(H2O) - 2(AuPPh3)+ + 2(OTf)- + H+]2+. 
Synthesis of [(AuPPh3)8(FeTPyP)2O](OTf)8 (8·(OTf)8) To a 30 mL CH2Cl2 
solution of AuPPh3Cl ( 0.30 g, 0.61 mmol), 1.5 mol. equiv of AgCF3SO3 (0.23 g, 0.91 
mmol) was added and the mixture was stirred in darkness for 15 min. The solution 
was filtered to remove AgCl and the filtrate was transferred to a 30 mL 
CH2Cl2/CH3OH solution of (FeTPyP)2O (0.10 g, 0.075 mmol). After stirring another 
2 h, the product was precipitated out by (Et)2O as brown solid. Yield: 0.35 g (75%). 
Crystals were obtained from CH3CN/Et2O. Anal. Calcd for 
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C234H171N17O25F24S8P8Fe2Au8 [8·(OTf)8·CH3CN]: C, 44.83%; H, 2.75%; N, 3.80%. 
Found: C, 44.39%; H, 3.06%, N, 3.59%. 31P{1H} NMR spectrum  (CDCl3/CD3OD, 
9:1, 202 MHz): δ 29.99 (s). 1H NMR spectrum (CDCl3/CD3OD, 9:1, 500 MHz): δ 
13.98 (br, Hpy), 9.60 (br, Hαx), 8.85 (br, Hαe) and 7.69 – 7.58 (m, HPh). ESI-MS (m/z 





Selection and Amplification of Homo-Porphyrin Boxes from 
Dynamic Receptor Library 
 
4.1 Introduction 
Dynamic combinatorial libraries (DCLs), in which each library member are 
interconverting through reversible bonds, have drawn a lot of attention for their 
efficient molecular screening properties.162 One of the main applications of DCLs’ 
molecular screening properties is to select a host from a dynamic receptor library 
(DRL) by using a suitable guest. The DRL, referred as an equilibrium mixture of 
numerous cyclic and cage-like complexes, can be generated by mixing metal ions and 
several different bridging ligands. Recently, a new synthetic method of DRL based on 
the dynamic component exchange feature of self-assembled supramolecules has been 
reported. Rebek and co-workers detected a new heteromeric capsule by mixing two 
homomeric capsules and the equilibrium between the heteromeric and homomeric 
capsule.163-165 Stang also monitored a DRL of heteroisotopic and homoisotopic 
polygons generated by mixing homoisotopic polygons.166 The DRLs generated by 
component exchange of homoligand receptors compose a mixture of receptors with 
very similar structures. Amplification of such a kind of DRLs requires specific guests.  
In chapter 2 and 3, three different homoporphyrin boxes, 
[Au8(μ-PAnP)4(H2TPyP)](PO2F2)8 (1·(PO2F2)8), [Au8(μ-PAnP)4(ZnTPyP)](OTf)8 
(2·(OTf)8) and [Au8(μ-PAnP)4(FeTPyP)2(H2O)4](OTf)10 (5·(OTf)10), have been 
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self-assembled through Au – N coordination. UV absorption spectra of 1·(PO2F2)8 and 
2·(OTf)8 at different concentrations showed that the molecular boxes underwent an 
assembly and dissociation equilibrium in the solution (Chapter 2). When two 
homoporphyrin boxes were mixed together, the porphyrin ligand dissociated and 
exchanged with the ligand of another homoporphyrin box and generated a new 
heteroporphyrin box. As shown in Scheme 4.1, the DRL containing two 
homoporphyrin boxes and one heteroporhyin box was generated by mixing two 
homoporphyrin boxes. As interpreted in Table 4.1, the size of a DRL increased with 






In order to expand the size of DRL, new homoporphyrin boxes 
[Au8(μ-PAnP)4(H2TPyP)2](OTf)8 (1·(OTf)8), [Au8(μ-PAnP)4(MgTPyP)2](OTf)8 
(9·(OTf)8), [Au8(μ-PAnP)4(MnTPyP)2(H2O)2](OTf)10 (10·(OTf)10), 
[Au8(μ-PAnP)4(NiTPyP)2](OTf)8 (11·(OTf)8) and [Au8(μ-PAnP)4(CuTPyP)2](OTf)8 
(12·(OTf)8) were synthesized. 1·(OTf)8 was synthesized to unify the anion of the 
boxes as OTf and simplify the ESI-MS spectra of the DRLs. 1·(OTf)8 has similar 
structures and binding properties to 1·(PO2F2)8. As described in chapter 2 and 3, the 
homoporphyrin boxes with different structures have different binding and reaction 
properties. 1·(PO2F2)8 (1·(OTf)8) and 2·(OTf)8 have big empty cavities and can bind 
with aromatic quinones like TCBQ (Chapter 2). On the other hand, both 5·(OTf)10 and 
10·(OTf)10 have two H2O molecules and two [OTf]- anions occupied inside the 
cavities and can not bind with aromatic quinones. However, 5·(OTf)10 reacted with 
DABCO and became μ-oxobisironporphyrin box [Au8(μ-PAnP)4(FeTPyP)2O](OTf)8 
(6·(OTf)8) (Chapter 3), while 10·(OTf)10 did not show the similar conformational 
change after the addition of DABCO.  
In this chapter, we detected new binding properties of 2·(OTf)8 with DABCO. 
The zinc-porphyrin / DABCO system has been widely investigated by Sanders, 
Anderson and Hunter.167-174 The bidentate ligand DABCO has been used in 
combination with zinc-porphyrin to form a large number of supramolecular 
complexes through axial coordination.170,175-177 As illustrated in Scheme 4.2, DABCO 







































Table 4.2. Binding and reacting properties of homoporphyrin boxes 
Categories Binding and reacting properties Homoporphyrin boxes 
I Binding with TCBQ 1·(PO2F2)8 (1·(OTf)8), 2·(OTf)8 
II Binding with DABCO 2·(OTf)8 
III Reacting with DABCO 5·(OTf)10 
IV Nil 10·(OTf)10 
 
As listed in Table 4.2, the homoporphyrin boxes have four different binding 
and reacting properties. For the DRLs generated by mixing two homoporphyrin boxes 
from different categories, addition of a guest molecule that can selectively bind to one 
homoporphyrin box will increase the concentration of that box at the expense of the 
heteroporphyrin boxes. As shown in Schemes 4.3, when 1·(OTf)8 and 2·(OTf)8 were 
mixed together, a new heteroporphyrin box 
([Au8(μ-PAnP)4(H2TPyP)(ZnTPyP)](OTf)8 (13·(OTf)8) was generated by porphyrin 
exchange between 1·(OTf)8 and 2·(OTf)8. These three bisporphyrin boxes were 
interconverting under the thermodynamic control. After addition of DABCO, 2·(OTf)8 
bound with DABCO and became more stable host-guest complex 
(2⊃DABCO)·(OTf)8. The equilibrium shifted to (2⊃DABCO)·(OTf)8 and induced the 
dissociation of 13·(OTf)8 into 1·(OTf)8 and 2·(OTf)8. In the final products, the 
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inclusion complex (2⊃DABCO)·(OTf)8 and homoporphyrin box 1·(OTf)8 were 
amplified and the concentration of the heteroporphyrin box 13·(OTf)8 was decreased. 
If the DRL is generated by mixing homoporphyrin boxes 1·(OTf)8 and 5·(OTf)10, 
either TCBQ or DABCO can be used to amplify the homoporphyrin boxes from this 
DRL. As shown in Scheme 4.3b, for the same DRL generated by mixing of 1·(OTf)8 
and 5·(OTf)10, TCBQ can amplify (1⊃TCBQ)·(OTf)8 and 5·(OTf)10 in the final 
products (red equilibrium), while DABCO can amplify 1·(OTf)8 and 6·(OTf)8 in the 











Scheme 4.4a shows a DRL generated by mixing 1·(OTf)8, 2·(OTf)8 and 
5·(OTf)10. This DRL contains 3 original homoporphyrin boxes (1·(OTf)8 and 2·(OTf)8, 
and 5·(OTf)10) and 3 heteroporphyrin boxes (13·(OTf)8, 14·(OTf)9, and 15·(OTf)9). 
After being amplified by DABCO, the DRL contained (1·(OTf)8, (2⊃DABCO)·(OTf)8 
and 6·(OTf)8. For a DRL generated by mixing 1·(OTf)8, 2·(OTf)8, and 10·(OTf)10, 
using one template can not amplify all the homoporphyrin boxes. As shown in 
Scheme 4.4b, the DRL contains 1·(OTf)8, 2·(OTf)8, 10·(OTf)10, 13·(OTf)8, 16·(OTf)9, 
and 17·(OTf)9. After being amplified by DABCO and TCBQ, the final product 
contains inclusion boxes (1⊃TCBQ)·(OTf)8 and (2⊃DABCO)·(OTf)8 and 
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4.2 Results and Discussion 
 
4.2.1 Synthesis and Characterization of Homoporphyrin Boxes 
 
4.2.1.1 Synthesis 
According to the Scheme 2.1 in chapter 2, [Au8(μ-PAnP)4(H2TPyP)2](OTf)8 
(1·(OTf)8), [Au8(μ-PAnP)4(MgTPyP)2](OTf)8 (9·(OTf)8), [Au8(μ-PAnP)4(MnTPyP)2 
(H2O)2](OTf)10 (10·(OTf)10), [Au8(μ-PAnP)4(NiTPyP)2](OTf)8 (11·(OTf)8) and 
[Au8(μ-PAnP)4(CuTPyP)2](OTf)8 (12·(OTf)8) were synthesized in high yields (~80 %) 
by reacting [Au2(μ-PAnP)](OTf)2 with H2TPyP, MgTPyP, (MnTPyP)(H2O)2(Ac), 
NiTPyP and CuTPyP, respectively. The complex [Au2(μ-PAnP)](OTf)2 was prepared 
in situ by reacting Au2(μ-PAnP)Cl2 with three equivalent of AgOTf. Reasonably good 
quality crystals of 10·(OTf)10·H2O, 11·(OTf)8·4CH2Cl2·8H2O and 
12·(OTf)8·4CH2Cl2·8H2O were obtained and the X-ray crystal structures of the 
complexes were determined. The structures of 1·(OTf)8 and  9·(OTf)8 were 
established by comparing their spectral data with those of 1·(PO2F2)8 and 2·(OTf)8. 
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4.2.1.2 X-ray Crystal Structures  
Complexes 10·(OTf)10, 11·(OTf)8 and 12·(OTf)8 were characterized by single 
crystal X-ray diffraction. Crystals suitable for analysi were obtained by slow diffusion 
of diethyl ether into a mixture of CH2Cl2/MeOH (9:1, v/v). The crystal data and 
structures refinement details are given in Appendix A, Table A.5 and A.6. The side 
and top views of crystal structures are shown in Figures 4.1 – 4.3, and selected bond 
lengths and angles are listed in Table 4.3.  
The molecular boxes are composed of two cofacial porphyrin rings and four 
[Au2(μ-PAnP)]2+ clips. In [10·(OTf)8]8+, the upper porphyrin ring slightly slipped 
along the x- and y-axes of the lower porphyrin ring by 0.854 and 1.079 Å, respectively 
(Figure 4.1b). Because of the distortions, 10·(OTf)10 shows Ci-symmetry and its upper 
and lower halves are related by the inversion center located midway between the 
centers of the two rings. On the other hand, 118+ and 128+ show C2/m-symmery. Their 
upper and lower halves are related by a 2-fold axis, and the left and right halves are 









Figure 4.1. (a) Side and (b) top views of the X-ray crystal structure of 
[10·(OTf)2]8+ ion. The two [OTf]- anions located inside the cavity are shown, 
the other anions and solvents are omitted for clarity. Color scheme: yellow 
(Au), dark puple (Mn), blue (C), pale blue (N), purple (P), red (O), pale 









Figure 4.2. (a) Side and (b) top views of the X-ray crystal structure of 118+ 
ion. The anions and solvents are omitted for clarity. Color scheme: yellow 









Figure 4.3. (a) Side and (b) top views of the X-ray crystal structure of 128+ 
ion. The anions and solvents are omitted for clarity. Color scheme: yellow 
(Au), silver (Ni), blue (C), pale blue (N), purple (P). 
 
 115 
Table 4.3a. Selected Bond Length (Å), Angles (deg), and Other Structural Parameters 
 
 
10·(OTf)10·H2O 11·(OTf)8·4CH2Cl2·8H2O 12·(OTf)8·4CH2Cl2·8H2O 
P(1) – P (4)  6.397(2) P(1) – P (2b)  6.449(1) P(1) – P (2b)  6.447(1) 
Intranuclear P – P distances (Å) 
P(2) – P (3)  6.407(2)     
Au(1) – Au (4)  7.143(3) Au(1) – Au (2b)  7.368(1) Au(1) – Au (2b)  7.351(1) 
Intranuclear Au – Au distances (Å) 
Au(2) – Au (3)  7.033(5)     
Npy(1) – Npy (4)  7.793(3) Npy(1) – Npy (2b) 8.088(2) Npy(1) – Npy (2b) 8.102(2) Intranuclear Npy – Npy distances (Å) Npy(2) – Npy (3)  7.606(5)     
P(1) – P(1a) 24.587(1) P(1) – P(1b) 24.555(1) P(1) – P(1b) 24.610(1) 
P(2) – P(2a) 24.805(1) P(2) – P(2b) 24.578(1) P(2) – P(2b) 24.664(1) 
P(3) – P(3a) 24.766(1) 
diagonal P-P distances (Å) 
P(4) – P(4a) 24.775(1) 
  
C(1)-P(1)-Au(1)  105.3(6) C(28b)-P(1)-Au(1) 112.6(4) C(28b)-P(1)-Au(1) 111.9(3) 
C(15)-P(2)-Au(2)  110.4(8) C(21)-P(2)-Au(2)  110.7(4) C(21)-P(2)-Au(2) 110.9(3) 
C(22)-P(3)-Au(3)  110.6(8) 
CAn – P – Au (deg) 
C(8)-P(4)-Au(4)  110.7(6) 
  
P(1)-Au(1)-N(5) 178.6(5) P(1)-Au(1)-N(1)  177.5(3) P(1)-Au(1)-N(1)  177.7(3) 
P(2)-Au(2)-N(6) 178.9(6) P(2)-Au(2)-N(1) 177.2(3) P(2)-Au(2)-N(2) 177.7(3) 
P(3)-Au(3)-N(7) 179.2(7) 
P – Au – Npy (deg) 
P(4)-Au(4)-N(8) 177.5(5) 
  
Au(1)-N(1)-C(32)  176.4(5) Au(1)-N(1)-C(11)  176.2(4) Au(1)-N(5)-C(11) 174.9(4) 
Au(2)-N(2)-C(38)  177.9(6) Au(2)-N(2)-C(16)  177.4(4) Au(2)-N(6)-C(16) 176.1(4) 
Au(3)-N(3)-C(44)  177.1(7) 
Au – Npy – Cpy  (deg) 
Au(4)-N(4)-C(50)  176.6(5) 
  
 116 
Table 4.3b. Selected Bond Length (Å), Angles (deg), and Other Structural Parameters 
 
 
10·(OTf)10·H2O 11·(OTf)8·4CH2Cl2·8H2O 12·(OTf)8·4CH2Cl2·8H2O 
deviation of β-pyrrole atoms from 
the porphyrin mean plane (Å) 
+0.091 to -0.069 +0.471 to -0.526 +0.401 to -0.487 
distances between pyridyl nitrogen 
atoms and the porphyrin mean plane 
(Å) 
0.230, 0.516, 0.587, 0.667 0.515, 0.403 0.401, 0.510 
intraplanar distance between the two 
porphyrin mean planes (Å) 
8.678 9.005 9.012 
dihedral angle of two neighboring 
anthracenyl rings (deg) 







[10·(OTf)2]8+ has a similar structure to [5·(OTf)2]8+ reported in chapter 2. The 
cavity is occupied by two H2O molecules and two OTf anions, and the two cofacial 
porphyrin rings are connected by a six-oxygen-two-sulfur ring. On the other hand, 
118+ and 128+ show similar structures to 18+. No solvent molecule is found inside the 
cavity. The boxes 118+ and 128+ have similar height (the normal planes of the 
porphyrin rings) of 9 Å, and diagonal P-P distance of 24 Å (Table 4.3). Due to the 
binding of OTf anions, the height of [10·(OTf)2]8+ is shortened to 8.678 Å. The 
porphyrin rings shows a saddle-like conformation as the pyrrole rings are alternately 
displaced up and down from the mean plane. However, the deviation of β-pyrrole 
carbon atoms from the mean plane of the porphyrin in [10·(OTf)2]8+ (+0.091 Å to 
-0.069 Å) is smaller than the ones in 118+ (+0.471 Å to -0.526 Å) and 128+ (+0.401 Å 
to -0.487 Å) , which indicate that after binding with OTf anions the porphyrin rings of 
[5·(OTf)8]8+ became more flatter than the porphyrin rings in 118+ and 128+. The metal 
ions are located within the porphyrin mean plane with the deviation of 0.041 Å for 
Mn(III) in [10·(OTf)2]8+, 0.059 Å for Ni(II) in 118+ and 0.089 Å for Cu(II) in 128+. 
 
4.2.1.3 Solution Structures 
The ESI-MS and NMR results confirm that 1·(OTf)8, 9·(OTf)8, 10·(OTf)10, 
11·(OTf)8 and 12·(OTf)8 retain their macrocyclic structure in solution. The ESI-MS 
spectrum of 1·(OTf)8 displayed cluster peaks that were corresponding to the quadruply 
charged ion [18+ + 4(OTf)-]4+ (m/z 1398.2, calcd. 1398.3) and the triply charged ion 
[18+ + 5(OTf)-]3+ (m/z 1914.0, calcd. 1914.1) (Appendix B, Figure B.13). Similarly, 
the ESI-MS spectrum of 9·(OTf)8 showed cluster peaks for the molecular ions [98+ + 
4(OTf)-]4+ (m/z 1409.6, calcd. 1409.5), and [98+ + 5(OTf)-]3+ (m/z 1929.2, calcd. 
1929.0) (Figure B14). The ESI-MS spectrum of 10·(OTf)10 showed cluster peaks for 
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the molecular ions [1010+ - (H2O) + 5(OTf)-]5+ (m/z 1169.5, calcd. 1169.7) and [1010+ - 
(H2O) + 6(OTf)-]4+ (m/z 1499.3, calcd. 1499.4) (Figure B.15). The ESI-MS spectrum 
of 11·(OTf)8 showed cluster peaks for the molecular ions [118+ + 4(OTf)-]4+ (m/z 
1426.7, calcd. 1426.7), and [118+ + 5(OTf)-]3+ (m/z 1952.1, calcd. 1951.9) (Figure 
B.16). The ESI-MS spectrum of 12·(OTf)8 showed cluster peaks for the molecular 
ions [128+ + 4(OTf)-]4+ (m/z 1429.0, calcd. 1429.1), and [128+ + 5(OTf)-]3+ (m/z 1955.4, 
calcd. 1955.2) (Figure B.17). The assignments of the peaks were further supported by 
simulated isotopic distributions. 
The NMR spectra of 1·(OTf)8, 9·(OTf)8, 10·(OTf)10, 11·(OTf)8 and 12·(OTf)8 
were measure in CDCl3/CD3OD (9:1, v/v). The 1H and 31P{1H} NMR spectral data 
are listed in Table 4.4. The assignments of all the signals are based on the chemical 
shifts of 1·(PO2F2)8, 2·(OTf)8 and 5·(OTf)10 reported in chapter 2 and 3. Due to the 
paramagnetism associated with [MnTPyP]+ (S = 2)178-180, NiTPyP (S = 1)181,182 and 
CuTPyP (S = 1/2)183-185, the 1H NMR signals of 10·(OTf)10, 11·(OTf)8 and 12·(OTf)8, 
especially those of the porphyrin rings, are broad and unresolved. The 31P{1H} NMR 
spectra showed one singlet indicating that the P atoms were equivalent in the solution 
structure. 
Table 4.4. 1Ha and 31P{1H}b NMR spectral data for 1·(OTf)8, 9·(OTf)8, 10·(OTf)10, 11·(OTf)8 
and 12·(OTf)8 
 1·(OTf)8 9·(OTf)8 10·(OTf)10 11·(OTf)8 12·(OTf)8 
δ Hαe 8.91 8.86 c 8.85 c 
δ Hαx 8.71 8.67 c 8.72 c 
δ Hβe 8.36 8.47 c 8.24 c 
δ Hβx 7.73 d c d c 
δ Hpyrrole c 8.42 c 8.43 c 
δ H1,4,5,8 8.48 8.52 8.43 8.45 8.42 
δ H2,3,6,7 7.43 7.44 7.35 7.40 7.35 
δ HPh 7.89 – 7.85 
7.68 – 7.61 
7.92 – 7.88 
7.69 – 7.65 
7.80 
7.59 
7.87 – 7.82 
7.65 – 7.61 
7.82 
7.60 
δ P 21.93 21.88 21.28 21.74 21.75 
a 500MHz, b 202 MHz, in CDCl3/CD3OD (9:1, v/v), chemical shifts in ppm 
c The chemical shift was not resolved 
d The chemical shift was overlapped by δ HPh  
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4.2.2 Binding of DABCO to (Zn-Zn)box (2·(OTf)8)  
 
4.2.2.1 NMR Titrations 
Figure 4.4a and 4.4b show the 1H and 31P{1H} NMR changes observed in the 
titration of 2·(OTf)8 with DABCO. After the addition of DABCO, a new signal at δ 
-5.33 was found and remained upto 5 equivalents of DABCO. This signal corresponds 
to the methylene protons of the DABCO bound between two zinc-porphyrin 
rings173,175 and indicates the 1:1 (2⊃DABCO)·(OTf)8 complexation as shown in 
Scheme 4.2. When more than 1 equivalent of DABCO were added, this signal became 
broadened without any new signals. No signal at δ -3, the characteristic signal of the 
methylene protons of the DABCO bound to one zinc-porphyrin rings167,168, was 
detected, which indicated that the (2⊃DABCO)·(OTf)8 inclusion complex was stable 
and DABCO did not bind outside of 2·(OTf)8 in excess of DABCO. The broadening 
of signal at δ -5.33 is due to the exchange between free ligand and 
(2⊃DABCO)·(OTf)8 complex. 
The signal of the β-pyrrole protons shifted downfield after the addition of 
DABCO as compared with the corresponding signal in free 2·(OTf)8. This could be 
due to the increased planarity of zinc-porphyrin rings in (2⊃DABCO)·(OTf)8, causing 
the signal to experience an increased ring-current-induced shift186. The protons 
marked in red from αe and βe pyridyl rings are upfield shifted, while the protons 
marked in blue from αx and βx pyridyl rings, anthracenyl rings and phenyl rings are 
downfield shifted. The opposite shifting orientation of inside and outside pyridyl 
protons is similar to the shifting of 2·(OTf)8 being added with TCBQ. This indicates 
that, after binding with DABCO, the bending of pyridyl rings is reduced along with 
the reduced distance between two porphyrin rings. The slightly changing of 
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anthracenyl and phenyl signals could be due to the conformation change by the 
binding of DABCO. When adding 1 equivalent of DABCO, the signals from 2·(OTf)8 





Figure 4.4. 1H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) spectral 
change of 2·(OTf)8  (concentration = 3.2 mM) upon addition of guest DABCO 




In the 31P {1H} NMR titration spectrum, a new singlet is detected at lower 
field, which indicates the symmetry of the structure of the cage is maintained after 
binding with DABCO. The downfield shifted P signal in (2⊃DABCO)·(OTf)8 is 
similar to the P signal in (2⊃TCBQ)·(OTf)8. This indicates that the P atoms become 
closer to anthracenyl rings and experience a larger ring-current-induced shift. 
In the NMR titration spectra (Figure 4.4a, 4.4b), the chemical shifts of all the 
signals no longer change after adding 1 equivalent of DABCO, which indicates that 
the binding of DABCO nearly complete at this point. Therefore, the binding constant 
(KDABCO) for formation of (2⊃DABCO)·(OTf)8 is too high to be measured accurately 
at NMR concentration. However, KDABCO can be estimated by comparing with KTCBQ 
(~ 3×105) of 2·(OTf)8. As shown in Figure 4.5, 1.5 equivalents of TCBQ were added 
into 2·(OTf)8 to ensure all 2·(OTf)8 was occupied by TCBQ and became 
(2⊃TCBQ)·(OTf)8. Then, 1.5 equivalent of DABCO was added into the 
(2⊃TCBQ)·(OTf)8 solution. The characteristic signal (δ -5.33) of the DABCO bound 
to two zinc-porphyrin rings was detected, which indicated that DABCO replaced 
TCBQ and binded with 2·(OTf)8. The intensity ratio of the proton signals belong to 
(2⊃TCBQ)·(OTf)8 and (2⊃DABCO)·(OTf)8 is about 1:6. Therefore, the KDABCO is 
about 6 times larger than KTCBQ and approximate ~ 2×106. When 2 equivalents of 
DABCO were added into (2⊃TCBQ)·(OTf)8, only the signals belong to 








Figure 4.5. 1H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) spectral 
change of 2·(OTf)8  (concentration = 3.2 mM) upon addition of guest TCBQ 






4.2.2.2 ESI-MS spectra of inclusion complex 
The ESI-MS spectrum of 2·(OTf)8 with one mol equiv. of DABCO was 
measured in CH2Cl2 (Figure 4.6). The spectrum displays peaks that correspond to the 
five charged ion [(2⊃DABCO)8+ + 3(OTf)-]5+ (m/z 1136.6, calcd. 1137.2), quadruply 
charged ion [(2⊃DABCO)8+ + 4(OTf)-]4+ (m/z 1458.2, calcd. 1458.7) and triply 
charged ion [(2⊃DABCO)8+ + 5(OTf)-]3+ (m/z 1993.6, calcd. 1994.6). The 
assignments of the peaks were further supported by simulated isotopic distributions 
(Figure 4.6 and B.18). The ESI-MS peaks of the inclusion complexes verified the 1:1 
2·(OTf)8 – DABCO complexation in the solution sate.   
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4.2.3 Dynamic receptor libraries (DRLs) 
 
4.2.3.1 Synthesis and characterization 
 
The DRLs of bisporphyrin boxes were synthesized by simply mixing 
homoporphyrin boxes in equal equivalent at room temperature as illustrated in 
Scheme 4.1. Since the 1H NMR signals of the boxes were very close or broadened by 
the paramagnetic metal ions (Mn(III), Fe(III), Ni(II) and Cu(II)), ESI-MS and 31P{1H} 
NMR were used to monitor the properties of the DRLs.  
In the ESI-MS spectra of a 1:1 mixture of 1·(OTf)8 and 2·(OTf)8 (Figure 4.7a - 
4.7d), besides the peaks from 1·(OTf)8 and 2·(OTf)8, a new set of peaks corresponding 
to the heteroporphyrin box 13·(OTf)8 was detected. Figure 4.5b displays peaks that 
correspond to the five charged ions [18+ + 3(OTf)-]5+ (m/z 1089.1, calcd. 1088.9), [138+ + 
3(OTf)-]5+ (m/z 1101.5, calcd. 1101.5) and [28+ + 3(OTf)-]5+ (m/z 1115.0, calcd. 
1114.2). Figure 4.5c displays peaks that correspond to the quadruply charged ions [18+ + 
4(OTf)-]4+ (m/z 1398.5, calcd. 1398.4), [138+ + 4(OTf)-]4+ (m/z 1414.1, calcd. 1414.2) 
and [28+ + 4(OTf)-]4+ (m/z 1430.4, calcd. 1430.0). Figure 4.5d displays peaks that 
correspond to the triply charged ions [18+ + 5(OTf)-]3+ (m/z 1914.1, calcd. 1914.1), [138+ 
+ 5(OTf)-]3+ (m/z 1935.5, calcd. 1935.3) and [28+ + 5(OTf)-]3+ (m/z 1957.0, calcd. 
1956.4). The assignments of the peaks are further supported by simulated isotopic 
distributions. The well resolved peaks of the heteroporphyrin box 13·(OTf)8 indicate 
that a DRL with 3 different bisporphyrin boxes can be generated by mixing of 2 
homoporphyrin boxes.  
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HZCDA #557-558 RT: 7.82-7.84 AV: 2 NL: 7.05E7
T: + c ESI Full ms [800.00-2000.00]
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(d) 
Figure 4.7. ESI-MS spectra of a 1:1 mixture of 1·(OTf)8 and 2·(OTf)8 in CH2Cl2. 
 
According to Table 4.1, when 4 homoporphyrin boxes (1·(OTf)8, 9·(OTf)8, 
10·(OTf)10 and 11·(OTf)8) are mixed together, a DRL containing 10 boxes were 
detected from the ESI-MS spectrum (Figure 4.8). The 10 boxes and corresponding 
molecular ions are listed in Table 4.5.  
 
Figure 4.8. ESI-MS spectra of a 1:1:1:1 mixture of 1·(OTf)8, 9·(OTf)8, 10·(OTf)10 and 
11·(OTf)8 in CH2Cl2. 
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Table 4.5. The peaks detected in the ESI-MS spectrum of a 1:1:1:1 mixture of (1·(OTf)8, 9·(OTf)8, 10·(OTf)10 and 11·(OTf)8) in CH2Cl2 
m/z 
Boxes Compounds Codes Molecular ions 
detected calcd.  
(H2)2 [Au8(μ-PAnP)4(H2TPyP)2](OTf)8 1·(OTf)8 [18+ + 4(OTf)-]4+ 1398.4 1398.4 
Mg2 [Au8(μ-PAnP)4(MgTPyP)2](OTf)8 9·(OTf)8 [98+ + 4(OTf)-]4+ 1410.2 1409.5 
Mn2 [Au8(μ-PAnP)4(MnTPyP)2(H2O)4](OTf)10 10·(OTf)10 [1010+ + 6(OTf)- - 4(H2O)]4+ 1499.1 1499.3 
Ni2 [Au8(μ-PAnP)4(NiTPyP)2](OTf)8 11·(OTf)8 [118+ + 4(OTf)-]4+ 1426.5 1426.7 
H2Mg [Au8(μ-PAnP)4(H2TPyP)(MgTPyP)](OTf)8 17·(OTf)8 [178+ + 4(OTf)-]4+ 1404.1 1403.9 
H2Mn [Au8(μ-PAnP)4(H2TPyP)(MnTPyP)(H2O)2](OTf)9 15·(OTf)9 [159+ + 5(OTf)- - 2(H2O)]4+ 1449.5 1448.8 
H2Ni [Au8(μ-PAnP)4(H2TPyP)(NiTPyP)](OTf)8 18·(OTf)8 [188+ + 4(OTf)-]4+ 1412.9 1412.5 
MgMn [Au8(μ-PAnP)4(MgTPyP)(MnTPyP)(H2O)2](OTf)9 19·(OTf)9 [199+ + 5(OTf)- - 2(H2O)]4+ 1454.5 1454.4 
MgNi [Au8(μ-PAnP)4(MgTPyP)(NiTPyP)](OTf)8 20·(OTf)8 [208+ + 4(OTf)-]4+ 1418.2 1418.1 




The 31P{1H} NMR signals of some homoporphyrin boxes are very close 
(Table 4.4), and the boxes in a DRL are inverconverting under thermodynamic control. 
Therefore, the P signals of the mixtures of homoporphyrin boxes are broad and 
unresolved. However, when 5·(OTf)10 was mixed with other homoporphyrin boxes, 
new signals of the heteroporphyrin boxes were detected form the 31P{1H} NMR 
spectrum. In the 31P{1H} NMR spectrum of a 1:1 mixture of 1·(OTf)8 and 5·(OTf)10 
(Figure 4.9), two new signals with same intensity are detected at δ 21.66 and 22.69. 
These two signals were disappeared after adding with TCBQ or DABCO, which 
indicates these two signals are from the P atoms of heteroporphyrin box 14·(OTf)9 as 
discussed in the following section.  
 
 
Figure 4.9. 31P {1H} NMR (202 MHz) spectrum of a 1:1 mixture of 1·(OTf)8, 






4.2.3.2 Amplification of 1:1 Mixture of Homoporphyrin Boxes 
 
Figure 4.7 shows that the 1:1 mixture of 1·(OTf)8 and 2·(OTf)8 contains three 
boxes 1·(OTf)8, 2·(OTf)8 and 13·(OTf)8. As described in Scheme 4.3a, addition of DABCO 
to this solution resulted in a decreased concentration of 13·(OTf)8 and a new inclusion box 
(2⊃DABCO)·(OTf)8. In the ESI-MS spectrum of 1:1:1.5 mixture of 1·(OTf)8, 2·(OTf)8 
and DABCO, the main peaks detected correspond to the quadruply charged ions [18+ + 
4(OTf)-]4+ (m/z 1398.3, calcd. 1398.4) and [(2⊃DABCO)8+ + 4(OTf)-]4+ (m/z 1458.7, 
calcd. 1458.7), and triply charged ions [18+ + 5(OTf)-]3+ (m/z 1914.3, calcd. 1914.1) and 
[(2⊃DABCO)8+ + 5(OTf)-]3+ (m/z 1993.7, calcd. 1994.6). The ZnTPyP ligand 
dissociated form 13·(OTf)8 and reassembled with Au(I) clips and DABCO into the more 
stable inclusion box (2⊃DABCO)·(OTf)8, while the left H2TPyP ligand assembled with 
Au(I) clips into 1·(OTf)8. Therefore, after adding DABCO, the peak belong to 
heteroporphyrin box 13·(OTf)8 can not be well resolved.  
 
 
Figure 4.10. ESI-MS spectra of a 1:1:1.5 mixture of 1·(OTf)8, 2·(OTf)8 and DABCO in 
CH2Cl2. 
D:\LCQ\...\new1\Zn, H2, TPyP_C + 15DABCO 11/04/05 04:55:36 Zn, H2, TPyP_C + 15ul DABCO
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As shown in Scheme 4.3b and Figure 4.11, the 1:1 mixture of 1·(OTf)8 and 
5·(OTf)10 can be amplified by either DABCO or TCBQ. After adding DABCO, 5·(OTf)10 
turned into the μ-oxo Fe(III) bisporphyrin box 6·(OTf)8. The H2TPyP and [FeTPyP]+ in the 
heteroporphyrin box 14·(OTf)8 reassembled into 1·(OTf)8 and 6·(OTf)8. Therefore, the final 
product contained only two homoporphyrin boxes 1·(OTf)8 and 6·(OTf)8. After adding TCBQ, 
1·(OTf)8 became the more stable inclusion box (1⊃TCBQ)·(OTf)8. The H2TPyP and 




Figure 4.11. 31P {1H} NMR (202 MHz) spectrum of a 1:1 mixture of 1·(OTf)8, 








4.2.3.3 Amplification of 1:1:1 Mixture of Homoporphyrin Boxes 
 
As shown in Scheme 4.4a, the 1:1:1 mixture of 1·(OTf)8, 2·(OTf)8 and 
5·(OTf)10 can be amplified by DABCO. Figure 4.11 shows that DABCO binded 
2·(OTf)8 and generated more stable inclusion box (2⊃DABCO)·(OTf)8. DABCO also 
deprotonized 5·(OTf)10, which become μ-oxo iron(III) bisporphyrin box 6·(OTf)8. 
Consequently, the decrease in the intensities of the signals belong to the 
heteroporphyrin boxes 13·(OTf)8, 14·(OTf)9 and 15·(OTf)9 indicates that the 
heteroporphyrin boxes dissociated and exchanged porphyrin ligands to generate more 
stable complexes (2⊃DABCO)·(OTf)8 and 6·(OTf)8. In the final product, the main 
signals detected were belong to 1·(OTf)8, (2⊃DABCO)·(OTf)8 and 6·(OTf)8.  
 
 
Figure 4.12. 31P {1H} NMR (202 MHz) spectrum of a 1:1:1 mixture of 




When the DRL is generated by mixing 1·(OTf)8, 2·(OTf)8 and 10·(OTf)10 in a ratio 
of 1:1:1, amplification of all the homoporphyrin boxes needs the application of both TCBQ 
and DABCO (Scheme 4.4b). As shown in Figure 4.13, addition of DABCO only increased the 
intensity of the signal corresponding to the inclusion box (2⊃DABCO)·(OTf)8. Addition of 
TCBQ resulted in a new broad signal at δ 23 belong to the inclusion boxes 
(1⊃TCBQ)·(OTf)8, (2⊃TCBQ)·(OTf)8 and (13⊃TCBQ)·(OTf)8. The H2TPyP and 
ZnTPyP ligands in the heteroporphyrin boxes 16·(OTf)9, 17·(OTf)9 dissociated and 
reassembled with Au(I) clips into the more stable inclusion boxes, while the left [MnTPyP]+ 
assembled with Au(I) clips became 10·(OTf)10. Therefore, addition of TCBQ increased the 
intensity of signal from 10·(OTf)10. As shown in Figure 4.5, the binding of DABCO with 
2·(OTf)8 is stronger than that of TCBQ. When DABCO and TCBQ were added into this DRL, 
1·(OTf)8 bound with TCBQ and became (1⊃TCBQ)·(OTf)8 and 2·(OTf)8 selectively 
bound with DABCO became (2⊃DABCO)·(OTf)8. 
 
Figure 4.13. 31P {1H} NMR (202 MHz) spectrum of a 1:1:1 mixture of 





This chapter demonstrated the formation of dynamic receptor libraries of 
cofacial bisporphyrin boxes through the porphyrin ligands exchanges between the 
homoporphyrin boxes. The size of a DRL increases with the number of different 
homoporphyrin boxes added and follows the Equation 4.1. In order to expand the size 
of the DRLs, five new homoporphyrin boxes were synthesized. 
As described in Chapter 2 and 3, the boxes with different structures have 
different binding and reaction properties. (1·(OTf)8 and 2·(OTf)8) with large empty 
cavities can bind aromatic quinones as TCBQ. The new synthesized homoporphyrin 
box 10·(OTf)10 has the similar structure as 5·(OTf)10, whose cavity are captured by 
two H2O molecules and two OTf- anions. Therefore, 5·(OTf)10 and 10·(OTf)10 don’t 
have the similar binding properties of aromatic quinones. However, 5·(OTf)10 
containing [Fe(III)TPyP]+ ligand can deprotonized become μ-oxo Fe(III) 
bisporphyrin boxes by addition of DABCO. In this chapter, new binding property of 
2·(OTf)8 with DABCO was studied. Base on those properties, the homoporphyrin 










4.4 Experimental Section 
 
4.4.1 General Methods 
 
Otherwise mentioned in the text all the syntheses were carried out in N2 
atmosphere with standard Schlenck techniques. Au2(μ-PAnP)Cl2187, 
Magnesium5,10,15,20-tetra(4-pyridyl)-21H,23H- porphyrine (MgTPyP)188, 
Manganese5,10,15,20-tetra(4-pyridyl)-21H,23H- porphyrine 
(MnTPyP)(H2O)2(OTf)188, Nickel5,10,15,20-tetra(4-pyridyl)-21H,23H- porphyrine 
(NiTPyP)188, and Copper5,10,15,20-tetra(4-pyridyl)-21H,23H- porphyrine 
(CoTPyP)188  were synthesized according to the reported method. KAuCl4 was 
purchased from Oxkem. Silver triflate, Silver hexafluorophosphate, Me2S, 
triphehylphosphine, Magnesium acetate tetrahydate, Manganese acetate anhydrous, 
Nickel acetate tetrahydrate, Copper acetate monohydrate, 5, 10, 15, 
20-tetra(4-pyridyl)porphyrin (H2TPyP) and 
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DABCO) were purchased from Aldrich 
and used without further purification. Tetrachloro (chloranil) [1,4]benzoquinone 
obtained from Aldrich, were purified by recrystallization from hot ethanol. Prior to 
any usage, all the solvents used were purified according to the literature procedures.  
Instrumental details for NMR experiments, elemental analyses, ESI-MS are 








Synthesis of [Au8(μ-PAnP)4(H2TPyP)2](OTf)8 (1·(OTf)8 ) To a 30 mL 
CH2Cl2 solution of Au2(μ-PAnP)Cl2 (0.3 g, 0.30 mmol), three mol equivalent of 
AgCF3SO3 (0.23 g, 0.89 mmol) were added and the mixture was stirred in darkness 
for 3 h. The solution was filtered to remove AgCl and the filtrate, a yellow solution, 
was transferred to a 50 mL CH2Cl2 /CH3OH solution of H2TPyP (0.09 g, 0.15 mmol). 
After stirring another 2 h, the product was precipitated out by (Et)2O as a purple solid. 
Yield: 0.37 g (80%). Crystals were obtained from CH2Cl2/CH3OH/hexane. Anal. 
Calcd for C244H184F24N16O30S8P8Cl2Au8 [1·(OTf)8·(CH2Cl2)2·(CH3OH)2·(H2O)4]: C, 
45.60%; H, 2.89%; N, 3.49%. Found: C, 45.15%; H, 3.00%; N, 3.45%. 31P{1H} NMR 
spectrum  (CDCl3/CD3OD, 9:1, 202 MHz): δ 21.93 (s). 1H NMR spectrum 
(CDCl3/CD3OD, 9:1, 500 MHz): δ 8.91 (d, 8H), 8.71 (d, 8H), 8.48 (m, 32H), 8.36 (br, 
8H), 7.89-7.85 (m, 32H), 7.73 (br, 8H), 7.68-7.61 (m, 48H) and 7.43 (br, 16H). 
ESI-MS (m/z assignment): 1398.2, [18+ + 4OTf]4+; 1914.0, [18+ + 5OTf]3+. 
Synthesis of [Au8(μ-PAnP)4(MgTPyP)2](OTf)8 (9·(OTf)8 ) Simlar to the 
synthesis of 1·(OTf)8, three equivalent of AgCF3SO3 (0.23 g, 0.89 mmol) were used to 
replace the Cl- anions of Au2(μ-PAnP)Cl2 (0.3 g, 0.30 mmol). Au2(μ-PAnP)(OTf)2 
reacted with MgTPyP (0.10 g, 0.15 mmol). Yield: 0.36 g (78%). Crystals were 
obtained from CH2Cl2/CH3OH/Et2O. Anal. Calcd for 
C242H196F24N16O40S8P8Cl4Au8Mg2 [9·(OTf)8·(CH2Cl2)2·(H2O)16]: C, 43.42%; H, 
2.95%; N, 3.35%. Found: C, 43.36%; H, 2.99%; N, 3.34%. 31P{1H} NMR spectrum  
(CDCl3/CD3OD, 9:1, 202 MHz): δ 21.88 (s). 1H NMR spectrum (CDCl3/CD3OD, 9:1, 
500 MHz): δ 8.86 (d, 8H), 8.67 (d, 8H), 8.52 (m, 32H), 8.47 (br, 8H), 8.42 (s, 8H), 
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7.92-7.88 (m, 32H), 7.69-7.65 (m, 56H) and 7.44 (m, 16H). ESI-MS (m/z assignment): 
1409.6, [98+ + 4OTf]4+; 1929.2, [98+ + 5OTf]3+. 
Synthesis of [Au8(μ-PAnP)4(MnTPyP)2(H2O)4](OTf)10 (10·(OTf)10 ) Similar 
to the synthesis of 1·(OTf)8, three equivalent of AgCF3SO3 (0.23 g, 0.89 mmol) were 
used to replace the Cl- anions of Au2(μ-PAnP)Cl2 (0.3 g, 0.30 mmol). 
Au2(μ-PAnP)(OTf)2 reacted with (MnTPyP)(H2O)2(OTf) (0.13 g, 0.15 mmol). Yield: 
0.36 g (78%). Crystals were obtained from CH2Cl2/CH3OH/hexane. Anal. Calcd for 
C242H168F30N16O34S10P8Au8Mn2 [10·(OTf)10]: C, 43.59%; H, 2.54%; N, 3.36%. 
Found: C, 43.15%; H, 2.51%; N, 3.33%. 31P{1H} NMR spectrum  (CDCl3/CD3OD, 
9:1, 202 MHz): δ 21.28 (s). 1H NMR spectrum (CDCl3/CD3OD, 9:1, 500 MHz): δ 
8.43 (dr, 16H), 7.80 (br, 32H), 7.59 (br, 48H) and 7.35 (br). ESI-MS (m/z 
assignment): 1169.5, [1010+ - (H2O) + 5(OTf)-]5+; 1499.3, [1010+ - (H2O) + 6(OTf)-]4+. 
Synthesis of [Au8(μ-PAnP)4(NiTPyP)2](OTf)8 (11·(OTf)8 ) Three equivalent 
of AgCF3SO3 (0.23 g, 0.89 mmol) were used to replace the Cl- anions of 
Au2(μ-PAnP)Cl2 (0.3 g, 0.30 mmol). Au2(μ-PAnP)(OTf)2 reacted with NiTPyP (0.10 g, 
0.10 mmol). Yield: 0.40 g (85%). Crystals were obtained from 
CH2Cl2/CH3OH/hexane. Anal. Calcd for C244H176F24N16O27S8P8Cl2Au8Ni2 
[11·(OTf)8·(CH2Cl2)·(CH3OH)3]: C, 45.17%; H, 2.73%; N, 3.45%. Found: C, 45.26%; 
H, 2.82%; N, 3.45%. 31P{1H} NMR spectrum  (CDCl3/CD3OD, 9:1, 202 MHz): δ 
21.74 (s). 1H NMR spectrum (CDCl3/CD3OD, 9:1, 500 MHz): δ 8.85 (br), 8.72 (br), 
8.45 (br), 8.43 (br), 8.24 (br), 7.87-7.82 (m, 32H), 7.65-7.61 (m, 48H) and 7.40 (br, 
16H). ESI-MS (m/z assignment): 1426.7, [118+ + 4OTf]4+; 1952.1, [118+ + 5OTf]3+. 
Synthesis of [Au8(μ-PAnP)4(CuTPyP)2](OTf)8 (12·(OTf)8 ) Three equivalent 
of AgCF3SO3 (0.23 g, 0.89 mmol) were used to replace the Cl- anions of 
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Au2(μ-PAnP)Cl2 (0.3 g, 0.30 mmol). Au2(μ-PAnP)(OTf)2 reacted with CuTPyP (0.10 g, 
0.10 mmol). Yield: 0.40 g (84%). Crystals were obtained from 
CH2Cl2/CH3OH/hexane. Anal. Calcd for C246H188F24N16O31S8P8Au8Cu2 
[12·(OTf)8·(C6H14)·(H2O)7]: C, 45.27%; H, 2.90%; N, 3.43%. Found: C, 45.26%; H, 
2.92%; N, 3.43%. 31P{1H} NMR spectrum  (CDCl3/CD3OD, 9:1, 202 MHz): δ 21.75 
(s). 1H NMR spectrum (CDCl3/CD3OD, 9:1, 500 MHz): δ 8.42 (br, 16H), 7.82 (br, 
32H), 7.62-7.58 (br, 48H), 7.35 (br, 16H). ESI-MS (m/z assignment): 1429.0, [128+ + 






In this work, the supramolecular chemistry of a series of cofacial bisporphyrin 
boxes was studied. There are nine homoporphyrin boxes being synthesized 
(1·(PO2F2)8, 1·(OTf)8, 2·(OTf)8, 5·(OTf)10, 6·(OTf)8, 9·(OTf)8, 10·(OTf)10, 11·(OTf)8 
and 12·(OTf)8) by the self-assembly between the di-gold(I) clip Au2(μ-PAnP)(OTf)2 
and meso- tetrapyridylporphyrin (H2TPyP) and its derivatives (ZnTPyP, 
(FeTPyP)(H2O)2(OTf), (FeTPyP)2O, MgTPyP, (MnTPyP)(H2O)2(OTf), , NiTPyP and 
CuTPyP). 
In chapter 2, the solid and solution properties of 1·(PO2F2)8 and 2·(OTf)8 were 
studied in detail. The crystal structure of 1·(PO2F2)8 indicated 18+ has a large cavity 
about 9.200(1) Å in height and 24.374(1) Å in diagonal. After addition of aromatic 
quinones, these two boxes can form novel sandwich donor-acceptor-donor (D-A-D) 
charge transfer complexes. The binding properties in solid state and solution have also 
been studied. The solid crystal structures of the empty box and inclusion complexes 
showed that the binding of the aromatic quinones led to the conformational changes 
of the box’s structures. NMR spectra, UV-VIS absorption and fluorescence titrations 
showed that the cofacial porphyrin boxes are good receptors for aromatic quinones of 
different sizes and electronic properties. For all the p-benzoquinone (MCBQ, DCBQ, 
TFBQ, TCBQ and DDBQ) guests, the free energy of the binding –ΔGUV displayed 
well correlations with p-benzoquinones’ reduction potentials and indicated that the CT 
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interaction plays an important role in the p-benzoquinones’ complexation process. 
This conclusion also proved by the NIR-UV-VIS absorption and Stern-volmer plot of 
fluorescent quenching.  
Chapter 3 reported two Fe(III) bisporphyrin boxes 5·(OTf)10 and 6·(OTf)8 . 
The crystal structure of 5·(OTf)10 showed that the cavity of 510+ was occupied by two 
H2O molecules and two OTf anions. The molecular modeling structure of 6·(OTf)8 
indicated the two Fe(III) ions were connected by one O atom. Therefore, 5·(OTf)10 
and 6·(OTf)8 do not have the binding properties as described in chapter 2. The 
molecular modeling structure of 6·(OTf)8 showed that the average separation between 
the two porphyrin mean planes (4.291 Å) is significantly shorter than that in 5·(OTf)10 
(8.579 Å). NMR and UV-Vis titrations of 5·(OTf)10 and 6·(OTf)8 with DABCO and 
HOTf indicated the reversible conversion between 5·(OTf)10 and 6·(OTf)8 and the 
reversible conversion is reproducible and can undergo at least three cycles. Therefore, 
it is possible to using DABCO or HOTf to control the vertical size of Fe(III) boxes. 
The dynamic studies of 1·(PO2F2)8 and 2·(OTf)8 indicated the boxes 
underwent reversible dissociation and self-assembly in solution. When the 
homoporphyrin boxes mixed together, the porphyrin ligands from one box can 
dissociate and exchange with another homoporphyrin box. As a result of the ligand 
exchange equilibrium, a dynamic receptor library (DRL) containing homo- and hetro- 
porphyrin boxes is generated. The solution properties of DRLs generated by mixing 
of different homoporphyrin boxes were studied in Chapter 3. The size of a DRL 
increases with the number of different homoporphyrin boxes added. As described in 
 140
Chapter 2 and 3, the boxes with different structures have different binding and 
reaction properties. 1·(PO2F2)8 and 2·(OTf)8 with large empty cavities can bind 
aromatic quinones as TCBQ. On the other hand, the cavities of 10·(OTf)10 5·(OTf)10 
are captured by two H2O molecules and two OTf- anions. Therefore, 5·(OTf)10 and 
10·(OTf)10 do not have the similar binding properties with aromatic quinones. 
However, 5·(OTf)10 containing [Fe(III)TPyP]+ ligand can be deprotonized to form 
μ-oxo Fe(III) bisporphyrin boxes by addition of DABCO. In this chapter, new binding 
property of 2·(OTf)8 with DABCO was studied by ESI-MS and NMR spectra. Within 
a DRL system, the boxes can interconvert through porphyrin ligand exchange. Based 
on the different binding and reacting properties of homoporphyrin boxes, addition of 
certain substrates to the DRL results in the equilibrium shifting towards the more 
stable complexes, which increases concentration of the homoporphyrin boxes at the 
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The tables of crystal data and structures refinement details for the following compounds: 
(1) Chapter 2:  
(2) Chapter 3: 
(3) Chapter 4: 
For all tables, 
R1 = (||Fo|- |Fc||)/(|Fo|); 
wR2 = [w(Fo2 - Fc2)/w(Fo4)]1/2; 
Goodness-of –fit (GOF) =  [(w(Fo2- Fc2)2/(n-p)]1/2, where n is the number of 
observations and p is the number of parameters. 
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Table A.1. Crystal data and structures refinement details for 
1·(PO2F2)8·2CH2Cl2·2CH3OH·2H2O and 3·Et2O 
 
Complexes 1·(PO2F2)8 ·2CH2Cl2·2CH3OH·2H2O 
3·Et2O 
Empirical formula C236H180Au8Cl4F16N16O20 P16
C120H96Au4F12N8O13P4S4
Formula weight (g mol-1) 6077.2 3126.1 
Temperature (K) 295(2) 295(2) 
Wavelength (Å) 0.71073 0.71073 
Crystal system Triclinic Monoclinic 
Space group P(-1) P2/n 
a = 13.2694(8) Å a = 17.4696(16) Å 
b = 22.3387(14) Å b = 12.1993(11) Å 
c = 28.4957 (18) Å c = 34.019(3) Å 
α = 100.651(2)º α = 90º 
β = 98.859(2)º β = 102.114(2)º 
Unit cell dimensions 
γ = 91.783(2)º γ = 90º 
Volume (Å3) 8186.7(9) 7088.5(12) 
Z 1 2 
Density (calcd) (g/cm-3) 1.232 1.465 
Absorption coefficient (mm-1) 3.736 4.300 
F(000) 2948 3050 
Crystal size (mm3) 0.30 × 0.24 × 0.20 0.44 × 0.24 × 0.16 
θ rang for data collection 1.76 to 22.50º 1.67 to 22.50º 
-12 ≤ h ≤ 14 -18 ≤ h ≤ 18 
-24 ≤ k ≤ 22 -12 ≤ k ≤ 13 Index ranges 
-30 ≤ l ≤ 30 -36 ≤ l ≤ 31 
Reflections collected 38152 32162 
Independent reflections 21379 [R(int) = 0.1061] 9266 [R(int) = 0.0386] 
Absorption correction Sadabs,  (Sheldrick 2001) 
Sadabs, 
(Sheldrick 2001) 
Max. & min. transmission 0.5220 & 0.4003 0.5462 & 0.2534 
Data / restraints / parameters 21379 / 188 / 836 9266 / 148 / 657 
Goodness-of-fit on F2 0.895 1.191 
R1 = 0.0908 R1 = 0.0789 
Final R indices [I > 2σ(I)] 
wR2 = 0.2400 wR2 = 0.2185 
R1 = 0.2325 R1 = 0.0935 
R indices (all data) 
wR2 = 0.3043 wR2 = 0.2254 
Largest diff. peak & hole   
(e Å3) 1.043 & -0.633 0.960 & -0.765 
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Table A.2. Crystal data and structures refinement details for 1⊃TCBQ·(PO2F2)8·4CH3OH and 
1⊃DDBQ·(PO2F2)8. 
 
Complexes 1⊃TCBQ·(PO2F2)8 ·4CH3OH 1⊃DDBQ·(PO2F2)8
Empirical formula C240H174Au8Cl4F16N16O20 P16
C240H164Au8Cl2F16N18O18P16
Formula weight (g mol-1) 6119.22 6034.24 
Temperature (K) 295(2) 223(2) 
Wavelength (Å) 0.71073 0.71073 
Crystal system Triclinic Triclinic 
Space group P(-1) P(-1) 
a = 16.690(6) Å a = 16.1215(16) Å 
b = 20.647(7) Å b = 21.916(2) Å 
c = 24.982(9) Å c = 23.756(3) Å 
α = 98.868(8)º α = 103.956(3)º 
β = 100.289(9)º β = 107.836(3)º 
Unit cell dimensions 
γ = 95.590(9)º γ = 93.878(3)º 
Volume (Å3) 8299(5) 7662.6(13) 
Z 1 1 
Density (calcd) (g/cm-3) 1.111 1.231 
Absorption coefficient (mm-1) 3.670 3.963 
F(000) 2692 2750 
Crystal size (mm3) 0.38 × 0.10 × 0.06 0.60 × 0.30 × 0.20 
θ rang for data collection 1.50 to 25.00º 1.53 to 22.50º 
-19 ≤ h ≤ 19 -17 ≤ h ≤ 17 
-24 ≤ k ≤ 24 -23 ≤ k ≤ 14 Index ranges 
-29 ≤ l ≤ 29 -24 ≤ l ≤ 25 
Reflections collected 90889 25540 
Independent reflections 29222 [R(int) = 0.1093] 20031 [R(int) = 0.0777] 
Absorption correction Sadabs,  (Sheldrick 2001) 
Sadabs, 
(Sheldrick 2001) 
Max. & min. transmission 0.8098 & 0.3361 0.5045 & 0.1996 
Data / restraints / parameters 29222 / 58 / 1133 20031 / 39 / 954 
Goodness-of-fit on F2 0.904 0.986 
R1 = 0.0846 R1 = 0.0999 
Final R indices [I > 2σ(I)] 
wR2 = 0.2400 wR2 = 0.2840 
R1 = 0.2001 R1 = 0.1888 
R indices (all data) 
wR2 = 0.2965 wR2 = 0.3345 
Largest diff. peak & hole   
(e Å3) 1.461 & -0.785  2.644 & -1.202 
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Table A.3. Crystal data and structures refinement details for 1⊃PQ·(PO2F2)8·4CH3OH. 
 
Complexes 1⊃PQ·(PO2F2)8·4CH3OH 
Empirical formula C250H188Au8F16N16O22 P16
Formula weight (g mol-1) 6143.62 
Temperature (K) 295(2) 
Wavelength (Å) 0.71073 
Crystal system Triclinic 
Space group P(-1) 
a = 16.68(5) Å 
b = 20.78(6) Å 
c = 24.96(7) Å 
α = 98.90(6)º 
β = 100.82(6)º 
Unit cell dimensions 
γ = 95.97(6)º 
Volume (Å3) 8291(42) 
Z 1 
Density (calcd) (g/cm-3) 1.142 
Absorption coefficient (mm-1) 3.647 
F(000) 2768 
Crystal size (mm3) 0.30 × 0.28 × 0.12 
θ rang for data collection 1.48 to 24.00º 
-19 ≤ h ≤ 19 
-23 ≤ k ≤ 23 Index ranges 
-28 ≤ l ≤ 28 
Reflections collected 59867 
Independent reflections 25915 [R(int) = 0.1718] 
Absorption correction Sadabs,  (Sheldrick 2001) 
Max. & min. transmission 0.6687 & 0.4075 
Data / restraints / parameters 25915 / 73 / 645 
Goodness-of-fit on F2 0.833 
R1 = 0.1057 
Final R indices [I > 2σ(I)] 
wR2 = 0.2815 
R1 = 0.2975 
R indices (all data) 
wR2 = 0.3837 
Largest diff. peak & hole   




Table A.4. Crystal data and structures refinement details for 5·(OTf)10·2H2O and 
8·(OTf)8·CH3CN  
 




Formula weight (g mol-1) 6705.91 6167.73 
Temperature (K) 293(2) 223 
Wavelength (Å) 0.71073 0.71073 
Crystal system Triclinic Triclinic 
Space group P(-1) P(-1) 
a = 19.219(9) Å a =  18.0126(11)Å 
b = 21.830(10) Å b =  26.7365(17)Å 
c = 21.850(10) Å c =  28.2384(17)Å 
α = 81.062(13)º α = 79.332(2)º 
β = 82.848(13)º β = 86.537(2)º 
Unit cell dimensions 
γ = 79.519(14)º γ = 76.971(2)º 
Volume (Å3) 8861(7) 13017.9(14) 
Z 1 2 
Density (calcd) (g/cm-3) 1.174 1.574 
Absorption coefficient (mm-1) 3.527 4.785 
F(000) 3042 5984 
Crystal size (mm3) 0.60 × 0.10 × 0.002 0.50 × 0.12 × 0.04 
θ rang for data collection 2.27 to 22.50º 0.73 to 22.50º 
-20 ≤ h ≤ 20 -19 ≤ h ≤ 19 
-23 ≤ k ≤ 21 -28 ≤ k ≤ 28 Index ranges 
-23 ≤ l ≤ 23 -30 ≤ l ≤ 30 
Reflections collected 40584 111547 
Independent reflections 23138 [R(int) = 0.0613] 34031 [R(int) = 0.1300] 
Absorption correction Sadabs, (Sheldrick 2001) 
Sadabs,  
(Sheldrick 2001) 
Max. & min. transmission 0.9328 & 0.2261 0.8316 & 0.1982 
Data / restraints / parameters 23138 / 54 / 663 34031 / 56 / 944 
Goodness-of-fit on F2 1.108 1.039 
R1 = 0.1153 R1 = 0.1153 
Final R indices [I > 2σ(I)] 
wR2 = 0.3323 wR2 = 0.2977 
R1 = 0.2004 R1 = 0.1791 
R indices (all data) 
wR2 = 0.3854 wR2 = 0.3286 
Largest diff. peak & hole   




Table A.5. Crystal data and structures refinement details for 11·(OTf)10·H2O and 
13·(OTf)8·4CH2Cl2·8H2O . 
 
Complexes 11·(OTf)10·H2O 13·(OTf)8·4CH2Cl2·8H2O 
Empirical formula C242H170Au8F30Mn2N16O35 P8S10
C244 H174 Au8 Cl8 Cu2 F24 
N16 O32 P8 S8
Formula weight (g mol-1) 6686.09 6942.71 
Temperature (K) 295(2) 295(2) 
Wavelength (Å) 0.71073 0.71073 
Crystal system Triclinic Monoclinic 
Space group P(-1) C2/m 
a = 19.120(2) Å a = 28.135(2) Å 
b = 21.880(2) Å b = 49.765(4) Å 
c = 21.962(3) Å c = 13.3877(11) Å 
α = 82.256(4)º α = 90º 
β = 83.247(4)º β = 105.932(3)º 
Unit cell dimensions 
γ = 79.587(4)º γ = 90º 
Volume (Å3) 8912.6(17) 18024 
Z 1 2 
Density (calcd) (g/cm-3) 1.189 1.250 
Absorption coefficient (mm-1) 3.489 3.560 
F(000) 3096 6580 
Crystal size (mm3) 0.60 × 0.58 × 0.46 0.70 × 0.30 × 0.08 
θ rang for data collection 1.49 to 20.00º 0.82 to 25.00º 
-18 ≤ h ≤ 19 -33 ≤ h ≤ 33 
-21 ≤ k ≤ 21 -59 ≤ k ≤ 59 Index ranges 
-21 ≤ l ≤ 21 -15 ≤ l ≤ 15 
Reflections collected 59738 99810 
Independent reflections 16622 [R(int) = 0.0544] 16075 [R(int) = 0.0694] 
Absorption correction Sadabs,  (Sheldrick 2001) 
Sadabs, 
(Sheldrick 2001) 
Max. & min. transmission 0.2967 & 0.2287 0.7638 & 0.1896 
Data / restraints / parameters 16622 / 185 / 1239 16075 / 40 / 761 
Goodness-of-fit on F2 1.113 1.040 
R1 = 0.0889 R1 = 0.0664 
Final R indices [I > 2σ(I)] 
wR2 = 0.2699 wR2 = 0.2135 
R1 = 0.1283 R1 = 0.1098 
R indices (all data) 
wR2 = 0.3025 wR2 = 0.2444 
Largest diff. peak & hole   
(e Å3) 2.231 & -0.904 1.718 & -0.795 
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Table A.6. Crystal data and structures refinement details for 12·(OTf)8·4CH2Cl2·8H2O. 
 
Complexes 12·(OTf)8·4CH2Cl2·8H2O 
Empirical formula C244 H174 Au8 Cl8 Ni2 F24 N16 O32 P8 S8
Formula weight (g mol-1) 6933.03 
Temperature (K) 295(2) 
Wavelength (Å) 0.71073 
Crystal system Monoclinic 
Space group C2/m 
a = 28.1359(17) Å 
b = 49.621(3) Å 
c = 13.3380(8) Å 
α = 90º 
β = 106.1890(10)º 
Unit cell dimensions 
γ = 90º 
Volume (Å3) 17883.3(18) 
Z 2 
Density (calcd) (g/cm-3) 1.258 
Absorption coefficient (mm-1) 3.574 
F(000) 6576 
Crystal size (mm3) 0.70 × 0.20 × 0.16 
θ rang for data collection 0.82 to 25.00º 
-32 ≤ h ≤ 33 
-58 ≤ k ≤ 55 Index ranges 
-15 ≤ l ≤15 
Reflections collected 53121 
Independent reflections 15941 [R(int) = 0.0496] 
Absorption correction Sadabs,  (Sheldrick 2001) 
Max. & min. transmission 0.5986 & 0.1887 
Data / restraints / parameters 15941 / 56 / 763 
Goodness-of-fit on F2 1.050 
R1 = 0.0706 
Final R indices [I > 2σ(I)] 
wR2 = 0.2296 
R1 = 0.1183 
R indices (all data) 
wR2 = 0.2620 
Largest diff. peak & hole   






















Figure B.1c. Simulated isotopic distributions of ion [18+ + 4(PO2F2)-]4+. 
 
D:\Student\WangYuanyuan\e166nn1 5/8/2008 12:39:34 PM e166
50C CH2Cl2
e166nn1 #59 RT: 1.70 AV: 1 NL: 1.11E7
T: + c ESI Full ms [50.00-2000.00]



























1078.4 1224.91071.0 1276.4954.3 1377.01067.4 1103.7 1277.91222.7867.4 1226.7956.2 1409.4999.3947.3
 
 
Figure B.2. ESI-MS spectrum of 3·(OTf)8. Peaks assignment: [34+ + (OTf)-]3+, m/z 867.4, 
calcd. 867.7; [34+ + 2(OTf)-]2+ , m/z 1375.5, calcd . 1376.0; [34+- (AuPPh3)+ + (OTf)-]2+, m/z 
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Figure B.3a. ESI-MS spectrum of 4·(OTf)4. Peaks assignment: [44+ + (OTf)-]3+, m/z 888.5, 




D:\Student\WangYuanyuan\e167 1/30/2007 12:19:15 PM exp167
60C CH2Cl2
e167 #161-298 RT: 4.50-5.94 AV: 138 SM: 13B NL: 1.21E6
T: + p Z ms [883.50-893.50]












































(H2)2Cage(PO2F2) + TCBQ4#438-474 RT: 10.02-10.85 AV: 37 NL: 1.79E8
T: + c Full ms [ 400.00-2000.00]

















































1342.4 1400.91108.3 1449.3 1833.91822.9
1660.1
1557.4 1591.2 1834.71339.0 1453.8 1916.41498.7 1815.1 1870.81671.91158.4 1336.1 1921.6 1961.0
1182.7 1676.01318.3 1781.71268.8 1981.9
 
Figure B.4. ESI-MS spectrum of 1⊃TCBQ·(PO2F2)8. Peaks assignment: [(1⊃TCBQ)8+ + 
4(PO2F2)-]4+, m/z 1410.5, calcd. 1411.8; [(1⊃TCBQ)8+ + 5(PO2F2)-]3+, m/z 1916.4, calcd. 





D:\LCQ\...\r19_060227101956 02/27/06 10:19:56 free-base CAGE
in ch2cl2, 80k
r19_060227101956#764-829 RT: 15.00-16.50 AV: 61 NL: 1.13E7
T: + c Full ms [ 200.00-2000.00]










































1088.3 1448.4 1833.4887.4 1168.0
1660.61104.7856.8 1875.2
1652.51453.0







Figure B.5. ESI-MS spectrum of 1⊃DDBQ·(PO2F2)8. Peaks assignment: [(1⊃DDBQ)8+ + 
4(PO2F2)-]4+, m/z 1406.1, calcd. 1406.7; [(1⊃DDBQ)8+ + 5(PO2F2)-]3+, m/z 1907.8, calcd. 




(Zn)2Cage + TClBQ#802-826 RT: 10.45-11.07 AV: 25 NL: 3.80E7
T: + c Full ms [ 50.00-2000.00]









































1499.11190.1956.8 1114.4316.4 1586.2903.5156.8 1421.596.6 1218.3525.1 1771.81089.2810.8502.0 548.2 1831.1365.6 679.8286.3
 
Figure B.6. ESI-MS spectrum of 2⊃TCBQ·(OTf)8. Peaks assignment: [(2⊃TCBQ)8+ + 
3(OTf)-]5+, m/z 1162.7, calcd. 1163.4; [(2⊃TCBQ)8+ + 4(OTf)-]4+, m/z 1490.5, calcd. 1491.5; 




(Zn)2Cage + DDQ_060223121617#13-17 RT: 0.32-0.42 AV: 5 NL: 5.58E7
T: + c Full ms [ 50.00-2000.00]







































1993.81079.6 1588.1 1683.2 1770.61379.61219.8 1917.4927.3 963.3 1808.6762.8 859.0737.6
 
Figure B.7. ESI-MS spectrum of 2⊃DDBQ·(OTf)8. Peaks assignment: [(2⊃DDBQ)8+ + 
3(OTf)-]5+, m/z 1159.4, calcd. 1159.6; [(2⊃DDBQ)8+ + 4(OTf)-]4+, m/z 1486.4, calcd. 1486.8; 
[28+ + 4(OTf)-]4+, m/z 1430.5, calcd. 1429.7; [28+ + 5(OTf)-]3+, m/z 1956.6, calcd. 1955.9. 
 
 
ZnTPyP_C + 2PQ#725-750 RT: 9.54-10.16 AV: 26 SB: 19 0.93-1.38 NL: 2.27E8
T: + c Full ms [ 50.00-2000.00]





































1408.11230.2 1867.6759.7 1080.1942.4860.2356.9 458.3 642.0164.9 247.8 529.8109.0
 
 
Figure B.8. ESI-MS spectrum of 2⊃PQ·(OTf)8. Peaks assignment: [(2⊃PQ)8+ + 3(OTf)-]5+ 
(m/z 1156.0, calcd. 1155.8; [(2⊃PQ)8+ + 4(OTf)-]4+ (m/z 1481.2, calcd. 1482.0); [28+ + 4(OTf)-







 EXP135 # 150-155 RT: 4.20-4.29 AV: 4 NL: 1.32E7 T: + c Full ms [ 50.00-2000.00] 


































1636.8 1403.1 1909.61218.4855.1 1057.9 1637.7 1768.9 511.4 817.7672.4428.3 597.5 104.2 173.8 363.4 
 
 
Figure B.19. ESI-MS spectrum of 5·(OTf)10. Peaks assignment: [510+ - (H2O) + 6(OTf)-]4+, 
m/z 1500.0, calcd. 1500.5. 
 
 
EXP135#195-479 RT: 4.79-7.75 AV: 285 SM: 9B NL: 6.80E4
T: + Z ms [ 1494.50-1504.50]










































1503.2 1504.11496.6 1502.71494.8 1495.7 1498.51496.9 1497.3
 
 







C238H160F18N16O18S6P8Au8Fe2 11/11/2008 11:29:52 PM






Charges   4
Chrg dist  0
Ions  1000000
Min Ion Ab. 1e-020
Min Ions 5000
Max Ions. 20000





































1502.35 1503.09 1503.60 1504.35 1505.10 1505.60 1506.36 1507.10
 
 







e105 #864-885 RT: 14.00-14.37 AV: 22 NL: 8.45E7
T: + c ESI Full ms [900.00-2000.00]





































1682.21218.4 1567.01170.1 1965.0975.2 1704.71292.4 1786.0 1909.51343.41053.5
 
 
Figure B.22. ESI-MS spectrum of 6·(OTf)8. Peaks assignment: [68+ + 4(OTf)-]4+, m/z 1429.4, 







e105 #182-323 RT: 4.18-5.64 AV: 142 SM: 7B NL: 1.49E6
T: + p ESI Z ms [1950.50-1960.50]














































Figure B.23. Zoom scan at m/z 1955.5. Peak m/z 1955.3 corresponding to [68+ + 5(OTf)-]3+. 
 
C237H158F15N16O16S5P8Au8Fe2 11/12/2008 12:05:58 AM






Charges   3
Chrg dist  0
Ions  1000000
Min Ion Ab. 1e-020
Min Ions 5000
Max Ions. 20000
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E174 #67 RT: 1.87 AV: 1 NL: 1.37E8
T: + c ESI Full ms [100.00-2000.00]

































810.71500.78 935.17 1044.91 1336.131175.56581.26 673.50465.44359.30
 
 
Figure B.25. ESI-MS spectrum of 7·(OTf)5. Peaks assignment: [7 – 2(H2O)]5+, m/z 500.0, 
calcd. 501.7; [75+  - 2(H2O) + 2(OTf)-]3+, m/z 935.17, calcd. 935.5; [75+  - 2(H2O) - 2(AuPPh3)+ 
+ 2(OTf)- + H+]2+, m/z 944.1, calcd. 944.8; [75+ - H2O - 2(AuPPh3)+ + 2(OTf)- + H+]2+, m/z 








e175_080513124213 #1045-1081 RT: 12.94-13.52 AV: 36 NL: 4.16E6
T: + c ESI Full ms [1000.00-2000.00]
































Figure B.26 ESI-MS spectrum of 8·(OTf)8. Peaks assignment: [88+ + 4(OTf)-]4+, m/z 1409.0, 
calcd. 1407.3; [88+ + 5(OTf)-]3+, m/z 1925.8, calcd. 1926.0; [88+ - 5(AuPPh3)+ + (OTf)-]2+, m/z 
1443.4, calcd. 1443.6; [88+ - 2(AuPPh3)+ + 3(OTf)-]3+, m/z 1520.2, calcd. 1520.7; [88+ - 
 168
(AuPPh3)+ + 4(OTf)-]3+, m/z 1722.8, calcd. 1723.4; [88+ - 4(AuPPh3)+ + 2(OTf)-]2+, m/z 1746.8, 







H2TPyP_C#89-101 RT: 2.49-2.72 AV: 10 SB: 7 1.51-1.66 NL: 1.75E8
T: + c Full ms [ 50.00-2000.00]





































1090.1 1501.21295.1 1915.51401.1 1636.01502.81190.0 1709.71552.81091.1 1777.11693.81447.1 1969.01289.9 1350.3 1822.9 1879.4
 
Figure B.27. ESI-MS spectrum of 9·(OTf)8. Peaks assignment: [98+ + 4(OTf)-]4+, m/z 1398.2, 
calcd. 1398.3; [98+ + 5(OTf)-]3+, m/z 1914.0, calcd. 1914.1. 
 
H2TPyP_050914143944#34-231 RT: 0.72-2.81 AV: 198 NL: 8.00E6
T: + Z ms [ 1393.50-1403.50]












































1400.01397.6 1402.21400.3 1402.0 1403.01394.1 1394.7 1397.0 1400.8 1403.51395.8 1396.4
 














Charges   4
Chrg dist  0
Ions  309430
Min Ion Ab. 1e-020
Min Ions 5000
Max Ions. 20000
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H2TPyP_050914143944#263-367 RT: 3.33-4.41 AV: 105 NL: 4.62E6
T: + Z ms [ 1909.00-1919.00]
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Charges   3
Chrg dist  0
Ions  424154
Min Ion Ab. 1e-020
Min Ions 5000
Max Ions. 20000
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Figure B.31. Simulated isotopic distributions of ion [98+ + 5(OTf)-]3+. 
 
 
D:\LCQ\Student\WangYuanyuan\MgTPyP_C 08/30/05 04:02:20 MgTPyP_C
50C, CH2CL2
MgTPyP_C#50-56 RT: 1.33-1.48 AV: 7 NL: 5.67E8
T: + c Full ms [ 50.00-2000.00]




































1928.51729.6 1929.81427.1 1516.71446.3 1921.81534.5 1635.91594.8 1664.3 1700.1 1839.1 1983.91894.31748.2 1794.3
 
Figure B.32. ESI-MS spectrum of 10·(OTf)8. Peaks assignment: [108+ + 4(OTf)-]4+, m/z 







MgTPyP_C#339-422 RT: 5.28-6.63 AV: 84 NL: 4.78E6
T: + Z ms [ 1924.00-1934.00]
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Charges   3
Chrg dist  0
Ions  1000000
Min Ion Ab. 1e-020
Min Ions 5000
Max Ions. 20000
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e023#525-547 RT: 10.92-11.45 AV: 22 NL: 4.07E7
T: + c Full ms [ 50.00-2000.00]



































1635.91089.1 1908.41189.4949.7850.4 1500.8 1910.4671.5 1473.31206.5 1664.8506.5 1734.51337.1957.1391.2 625.1139.1 325.7266.7
  
 
Figure B.35. ESI-MS spectrum of 11·(OTf)10. Peaks assignment: [1110+ - (H2O) + 6(OTf)-]4+, 




MnTPyP_C#378-888 RT: 4.72-9.95 AV: 511 SM: 7B NL: 3.76E5
T: + Z ms [ 1494.50-1504.50]











































1500.91498.4 1502.61497.8 1501.9 1504.11496.1 1496.8 1501.01494.8 1503.51502.81497.1
 














Charges   4
Chrg dist  0
Ions  543721
Min Ion Ab. 1e-020
Min Ions 5000
Max Ions. 20000
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D:\LCQ\...\NiTPyP_050830164804 08/30/05 04:48:04 NiTPyP_C
50C, CH2CL2
NiTPyP_050830164804#37-58 RT: 1.02-1.54 AV: 22 NL: 9.27E8
T: + c Full ms [ 50.00-2000.00]



































1539.2 1693.3 1952.81428.5 1763.4
1425.7 1950.71635.11551.8 1594.3 1954.21695.31489.4 1664.3 1767.51446.1 1728.4 1997.81816.0 1838.1 1877.2
 
Figure B.38. ESI-MS spectrum of 12·(OTf)8. Peaks assignment: [128+ + 4(OTf)-]4+, m/z 







NiTPyP_C#452-931 RT: 6.70-11.62 AV: 480 NL: 3.88E5
T: + Z ms [ 1421.50-1431.50]
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Charges   4
Chrg dist  0
Ions  1000000
Min Ion Ab. 1e-020
Min Ions 5000
Max Ions. 20000
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D:\LCQ\...\NiTPyP_050830164804 08/30/05 04:48:04 NiTPyP_C
50C, CH2CL2
NiTPyP_050830164804#96-138 RT: 2.20-2.88 AV: 43 NL: 8.90E6
T: + Z ms [ 1946.50-1956.50]
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Charges   3
Chrg dist  0
Ions  1000000
Min Ion Ab. 1e-020
Min Ions 5000
Max Ions. 20000
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CuTPyP_C#1057-1110 RT: 13.41-14.73 AV: 54 NL: 5.33E8
T: + c Full ms [ 50.00-2000.00]






































1431.2 1542.5 1956.81770.51428.1 1635.01315.8 1438.3 1966.61586.2 1772.41702.5 1901.41525.6 1848.81766.01338.2 1953.81424.1
 
Figure B.43. ESI-MS spectrum of 13·(OTf)8. Peaks assignment: [138+ + 4(OTf)-]4+, m/z 




CuTPyP_C#144-523 RT: 3.66-7.62 AV: 380 NL: 8.68E6
T: + Z ms [ 1424.00-1434.00]
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Charges   4
Chrg dist  0
Ions  831894
Min Ion Ab. 1e-020
Min Ions 5000
Max Ions. 20000











































CuTPyP_C#578-1024 RT: 8.33-13.00 AV: 447 NL: 6.87E6
T: + Z ms [ 1950.50-1960.50]
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Figure B.47. Simulated isotopic distributions of ion  [138+ + 5(OTf)-]3+. 
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Appendix C 










Figure C.1. 500MHz COSY spectrum of 1·(PO2F2)8 shown as a contour plot. At the left-hand 
edge and at the top is the one-dimensional 1H NMR spectrum. The diagonal and cross peaks 


















Figure C.2. 500MHz COSY spectrum of 2·(OTf)8 shown as a contour plot. At the left-hand 
edge and at the top is the one-dimensional 1H NMR spectrum. The diagonal and cross peaks 








HPh  H2,3,6,7 
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 Figure C.3a. 1H NMR (500MHz) spectrum of 3·(OTf)8 in CDCl /CD OD (v:v, 9:1). 3 3
 
Figure C.3a. 31P{H} NMR (202 MHz) spectrum of 3·(OTf)  in CDCl /CD8 3 3OD (v:v, 9:1). 
 182
 Figure C.4a. 1H NMR (500MHz) spectrum of 4·(OTf)8 in CDCl /CD OD (v:v, 9:1). 3 3
 
Figure C.4b. 31P{H} NMR (202 MHz) spectrum of 4·(OTf)8 in CDCl /CD OD (v:v, 9:1). 3 3
 183
 Figure C.5a. Variable temperature 1H NMR (500 MHz) spectra of 1·(PO F )2 2 8 in 




Figure C.5b. Variable temperature 31P NMR (202 MHz) spectra of 1·(PO2F2)8 in 
CDCl /CD OD (v:v, 9:1). 3 3
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 Figure C.5c. Variable temperature 19F NMR (282 MHz) spectra of 1·(PO F2 2)8 in 





















1Figure C.7. H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) spectral change of 
1·(PO F )2 2 8  (concentration = 3.2 mM) upon addition of guest MCBQ (concentration = 0.0 – 











1Figure C.8. H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) spectral change of 
1·(PO F )2 2 8  (concentration = 3.2 mM) upon addition of guest DCBQ (concentration = 0.0 – 












1Figure C.9. H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) spectral change of 
1·(PO F )2 2 8  (concentration = 3.2 mM) upon addition of guest TFBQ (concentration = 0.0 – 8.0 










Figure C.10. 1 31H NMR (500MHz) (top) and P {1H} NMR (121 MHz) (bottom) spectral 
change of 1·(PO F2 2)8  (concentration = 3.2 mM) upon addition of guest TCBQ (concentration 










1Figure C.11. H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) spectral change of 
1·(PO F )2 2 8  (concentration = 3.2 mM) upon addition of guest DDBQ (concentration = 0.0 – 










1Figure C.12. H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) spectral change of 
1·(PO F )2 2 8  (concentration = 1.7 mM) upon addition of guest DDBQ (concentration = 0.0 – 










1Figure C.13. H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) spectral change of 
1·(PO F )2 2 8  (concentration = 1.70 mM) upon addition of guest AQ (concentration = 0.0 – 34 











1Figure C.14. H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) spectral change of 
1·(PO F )2 2 8  (concentration = 1.70 mM) upon addition of guest DCAQ (concentration = 0.0 – 










1Figure C.15. H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) spectral change of 
1·(PO F )2 2 8  (concentration = 1.70 mM) upon addition of guest PQ (concentration = 0.0 – 34 







1Figure C.16. H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) spectral change of 
2·(OTf)8  (concentration = 3.2 mM) upon addition of guest MCBQ (concentration = 0.0 – 160 






1Figure C.17. H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) spectral change of 
2·(OTf)8  (concentration = 3.2 mM) upon addition of guest DCBQ (concentration = 0.0 – 80 






1Figure C.18. H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) spectral change of 
2·(OTf)8  (concentration = 3.2 mM) upon addition of guest TFBQ (concentration = 0.0 – 16 





1Figure C.19. H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) spectral change of 
2·(OTf)8  (concentration = 3.2 mM) upon addition of guest DDBQ (concentration = 0.0 – 4.8 












1Figure C.21. H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) spectral change of 
2·(OTf)8  (concentration = 1.7 mM) upon addition of guest 1,4-NQ (concentration = 0.0 – 












1Figure C.22. H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) spectral change of 














1Figure C.23. H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) spectral change of 
2·(OTf)8  (concentration = 1.7 mM) upon addition of guest DCAQ (concentration = 0.0 – 34 










1Figure C.24. H NMR (500MHz) (a) and 31P {1H} NMR (202 MHz) (b) spectral change of 





















Figure C.25b. 31P{H} NMR (121 MHz) spectrum of 8·(OTf)8 in CDCl /CD OD (v:v, 9:1). 3 3
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Appendix D 
Modified Job’s Plots for the binding of aromatic quinines to molecular boxes 
All the Modified job’s plots indicate the 1:1 host – guest stoichiometry (eq. 2.1). δ  is 
the chemical shift of H
0
H
α(endo) in the free boxes and δH is the observed chemical shift of 
the protons in the presence of host.  














[H]t / ([H]t + [G]t)
 
Figure D.1. Modified job’s plot for the binding of MCBQ to 1·(PO2F2)8.   
 












[H]t / ([H]t + [G]t)
 
Figure D.2. Modified job’s plot for the binding of DCBQ to 1·(PO2F2)8.   
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[H]t / ([H]t + [G]t)
 


















[H]t / ([H]t + [G]t)
Figure D.4. Modified job’s plot for the binding of TCBQ to 1·(PO2F2)8. 
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[H]t / ([H]t + [G]t)
 
Figure D.5. Modified job’s plot for the binding of 1,2-NQ to 1·(PO2F2)8. 
 
 












[H]t / ([H]t + [G]t)
 
Figure D.6. Modified job’s plot for the binding of 1,4-NQ to 1·(PO2F2)8. 
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[H]t / ([H]t + [G]t)
 

















[H]t / ([H]t + [G]t)
 
Figure D.8. Modified job’s plot for the binding of DCAQ to 1·(PO2F2)8. 
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[H]t / ([H]t + [G]t)
 
Figure D.9. Modified job’s plot for the binding of PQ to 1·(PO2F2)8. 
 













[H]t / ([H]t + [G]t)
 
















[H]t / ([H]t + [G]t)
 
Figure D.11. Modified job’s plot for the binding of DCBQ to 2·(OTf)8. 
 
 












[H]t / ([H]t + [G]t)
 

















[H]t / ([H]t + [G]t)
 
Figure D.13. Modified job’s plot for the binding of 1, 2-NQ to 2·(OTf)8. 














[H]t / ([H]t + [G]t)
 


















[H]t / ([H]t + [G]t)
 
Figure D.15. Modified job’s plot for the binding of AQ to 2·(OTf)8. 
 












[H]t / ([H]t + [G]t)
 
Figure D.16. Modified job’s plot for the binding of Cl2AQ to 2·(OTf)8. 
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Figure E.1. UV-vis absorption spectral change upon addition of MCBQ to a CH3Cl/CH3OH 
(9:1, v/v) solution of 1·(PO2F2)8 and the difference spectrum of AH – AH0. 
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Figure E.3. UV-vis absorption spectral change upon addition of DCBQ to a CH3Cl/CH3OH 
(9:1, v/v) solution of 1·(PO2F2)8 and the difference spectrum of AH – AH0. 
 




















Figure E.5. UV-vis absorption spectral change upon addition of TFBQ to a CH3Cl/CH3OH 
(9:1, v/v) solution of 1·(PO2F2)8 and the difference spectrum of AH – AH0. 
 





















Figure E.7. UV-vis absorption spectral change upon addition of TCBQ to a CH3Cl/CH3OH 
(9:1, v/v) solution of 1·(PO2F2)8 and the difference spectrum of AH – AH0. 
 




















Figure E.9. UV-vis absorption spectral change upon addition of DDBQ to a CH3Cl/CH3OH 
(9:1, v/v) solution of 1·(PO2F2)8 and the difference spectrum of AH – AH0. 
 
 





















Figure E.11. UV-vis absorption spectral change upon addition of 1, 2-NQ to a CH3Cl/CH3OH 
(9:1, v/v) solution of 1·(PO2F2)8  and the difference spectrum of AH – AH0. 
 
























Figure E.13. UV-vis absorption spectral change upon addition of 1, 4-NQ to a CH3Cl/CH3OH 
(9:1, v/v) solution of 1·(PO2F2)8 and the difference spectrum of AH – AH0. 
 
























Figure E.15. UV-vis absorption spectral change upon addition of AQ to a CH3Cl/CH3OH (9:1, 
v/v) solution of 1·(PO2F2)8 and the difference spectrum of AH – AH0. 
 






















Figure E.17. UV-vis absorption spectral change upon addition of DCAQ to a CH3Cl/CH3OH 
(9:1, v/v) solution of 1·(PO2F2)8 and the difference spectrum of AH – AH0. 
 


















Figure E.19. UV-vis absorption spectral change upon addition of PQ to a CH3Cl/CH3OH (9:1, 
v/v) solution of 1·(PO2F2)8 and the difference spectrum of AH – AH0. 
 




















Figure E.21. UV-vis absorption spectral change upon addition of MCBQ to a CH3Cl/CH3OH 
(9:1, v/v) solution of 2·(OTf)8 and the difference spectrum of AH – AH0. 
 






















Figure E.23. UV-vis absorption spectral change upon addition of DCBQ to a CH3Cl/CH3OH 
(9:1, v/v) solution of 2·(OTf)8 and the difference spectrum of AH – AH0. 
 






















Figure E.25. UV-vis absorption spectral change upon addition of TFBQ to a CH3Cl/CH3OH 
(9:1, v/v) solution of 2·(OTf)8 and the difference spectrum of AH – AH0. 
 























Figure E.27. UV-vis absorption spectral change upon addition of DDBQ to a CH3Cl/CH3OH 
(9:1, v/v) solution of 2·(OTf)8 and the difference spectrum of AH – AH0. 
 























Figure E.29. UV-vis absorption spectral change upon addition of 1, 2-NQ to a CH3Cl/CH3OH 
(9:1, v/v) solution of 2·(OTf)8  and the difference spectrum of AH – AH0. 
 
 























Figure E.31. UV-vis absorption spectral change upon addition of 1, 4-NQ to a CH3Cl/CH3OH 
(9:1, v/v) solution of 2·(OTf)8 and the difference spectrum of AH – AH0. 
 























Figure E.33. UV-vis absorption spectral change upon addition of AQ to a CH3Cl/CH3OH (9:1, 
v/v) solution of 2·(OTf)8 and the difference spectrum of AH – AH0. 
 























Figure E.35. UV-vis absorption spectral change upon addition of DCAQ to a CH3Cl/CH3OH 
(9:1, v/v) solution of 2·(OTf)8 and the difference spectrum of AH – AH0. 
 























Figure E.37. UV-vis absorption spectral change upon addition of PQ to a CH3Cl/CH3OH (9:1, 
v/v) solution of 2·(OTf)8 and the difference spectrum of AH – AH0. 
 
Figure E.38. The least-square fit of 2·(OTf)8 and PQ using eq. 2.2
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Figure E.39. The least-square fit of 1·(PO2F2)8 and MCBQ at 273K using eq. 2.2. 
 
Figure E.40. The least-square fit of 1·(PO2F2)8 and MCBQ at 283K using eq. 2.2. 
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Figure E.41. The least-square fit of 1·(PO2F2)8 and MCBQ at 293K using eq. 2.2. 
 
Figure E.42. The least-square fit of 1·(PO2F2)8 and MCBQ at 303K using eq. 2.2. 
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Figure E.43. The least-square fit of 1·(PO2F2)8 and DCBQ at 273K using eq. 2.2. 
 
Figure E.44. The least-square fit of 1·(PO2F2)8 and DCBQ at 283K using eq. 2.2. 
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Figure E.45. The least-square fit of 1·(PO2F2)8 and DCBQ at 293K using eq. 2.2. 
 
Figure E.46. The least-square fit of 1·(PO2F2)8 and DCBQ at 303K using eq. 2.2. 
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Figure E.47. The least-square fit of 1(PO2F2)8 and TFBQ at 273K using eq. 2.2. 
 
Figure E.48. The least-square fit of 1·(PO2F2)8 and TFBQ at 283K using eq. 2.2. 
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Figure E.49. The least-square fit of 1·(PO2F2)8 and TFBQ at 293K using eq. 2.2. 
 
Figure E.50. The least-square fit of 1·(PO2F2)8 and TFBQ at 303K using eq. 2.2. 
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Figure E.51. The least-square fit of 1·(PO2F2)8 and TCBQ at 273K using eq. 2.2. 
 
Figure E.52. The least-square fit of 1·(PO2F2)8 and TCBQ at 283K using eq. 2.2. 
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Figure E.53. The least-square fit of 1·(PO2F2)8 and TCBQ at 293K using eq. 2.2. 
 
Figure E.54. The least-square fit of 1·(PO2F2)8 and TCBQ at 303K using eq. 2.2. 
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Figure E.55. The least-square fit of 2·(OTf)8 and MCBQ at 273K using eq. 2.2. 
 
Figure E.56. The least-square fit of 2·(OTf)8 and MCBQ at 283K using eq. 2.2. 
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Figure E.57. The least-square fit of 2·(OTf)8 and MCBQ at 293K using eq. 2.2. 
 
Figure E.58. The least-square fit of 2·(OTf)8 and MCBQ at 303K using eq. 2.2. 
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Figure E.59. The least-square fit of 2·(OTf)8 and DCBQ at 273K using eq. 2.2. 
 
Figure E.60. The least-square fit of 2·(OTf)8 and DCBQ at 283K using eq. 2.2. 
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Figure E.61. The least-square fit of 2·(OTf)8 and DCBQ at 293K using eq. 2.2. 
 
Figure E.62. The least-square fit of 2·(OTf)8 and DCBQ at 303K using eq. 2.2. 
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Figure E.63. The least-square fit of 2·(OTf)8 and TFBQ at 273K using eq. 2.2. 
 
Figure E.64. The least-square fit of 2·(OTf)8 and TFBQ at 283K using eq. 2.2. 
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Figure E.65. The least-square fit of 2·(OTf)8 and TFBQ at 293K using eq. 2.2. 
 
Figure E.66. The least-square fit of 2·(OTf)8 and TFBQ at 303K using eq. 2.2. 
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Figure E.67. The least-square fit of 2·(OTf)8 and TCBQ at 273K using eq. 2.2. 
 
Figure E.68. The least-square fit of 2·(OTf)8 and TCBQ at 283K using eq. 2.2. 
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Figure E.69. The least-square fit of 2·(OTf)8 and TCBQ at 293K using eq. 2.2. 
 










































































Figure F.1. Emission spectral change upon addition of MCBQ to a CH3Cl/CH3OH (9:1, v/v) 
solution of 1·(PO2F2)8. Excitation wavelength = 590 nm, excitation and emission slit width = 
10 nm.  
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Figure F.3. Emission spectral change upon addition of DCBQ to a CH3Cl/CH3OH (9:1, v/v) 
solution of 1·(PO2F2)8. Excitation wavelength = 590 nm, excitation and emission slit width = 
10 nm.  
 
 




















Figure F.5. Emission spectral change upon addition of TFBQ to a CH3Cl/CH3OH (9:1, v/v) 


























Figure F.7. Emission spectral change upon addition of TCBQ to a CH3Cl/CH3OH (9:1, v/v) 


























Figure F.9. Emission spectral change upon addition of DDBQ to a CH3Cl/CH3OH (9:1, v/v) 



























Figure F.11. Emission spectral change upon addition of MCBQ to a CH3Cl/CH3OH (9:1, v/v) 



























Figure F.13. Emission spectral change upon addition of DCBQ to a CH3Cl/CH3OH (9:1, v/v) 



























Figure F.15. Emission spectral change upon addition of TFBQ to a CH3Cl/CH3OH (9:1, v/v) 



























Figure F.17. Emission spectral change upon addition of DDBQ to a CH3Cl/CH3OH (9:1, v/v) 





Figure F.18. The least-square fit of 2·(OTf) and DDBQ using eq. 2.3. 
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